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PREFACE 


The  research  reported  herein  was  supported  by  the  U.S.  Army 
Research  Office  with  Or.  B.  Spielvogel  as  Scientific  Officer. 
Other  support  of  this  work  was  provided  by  the  Office  of 
Naval  Research  with  Dr.  H.  Guard  as  Scientific  Officer. 

This  report  covers  the  period  1  March  1984  through  28  February 
1987.  The  program  has  been  directed  by  Dr.  K.  O.  Christe. 

The  scientific  effort  was  carried  out  mainly  by  Drs.  K.  O. 
Christe,  W.  W.  Wilson  and  C.  J.  Schack  and  Mr.  R.  D.  Wilson. 
Other  contributors  to  these  research  efforts,  at  no  cost 
to  the  contract,  were  Drs.  R.  Bougon,  P.  Charpin  and  E.  Soulie 
(French  Atomic  Energy  Commission),  Prof.  J.  Fawcett  (University 
of  Leicester,  U.K.),  Profs.  H.  Oberhammer  and  D.  Christen 
(Universitat  Tubingen,  W-Germany),  Profs.  G.  Olah  and  R.  Bau 
(University  of  Southern  California),  Dr.  M.  D.  Lind  (Science 
Center  of  Rockwell  International)  and  Prof.  N.  Thorup 
(University  of  Lingby,  Denmark).  The  program  was  administered 
by  Dr.  L.  Grant  and  after  his  resignation  by  Dr.  J.  Flanagan. 
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INTRODUCTION 


This  is  the  final  report  of  a  research  program  carried 
out  at  Rocketdyne  between  1  March  1984  and  28  February 
1987.  The  purpose  of  this  program  was  to  explore  the 
synthesis  and  properties  of  energetic  inorganic  halogen 
oxidizers.  Although  the  program  was  directed  toward  basic 
research,  applications  of  the  results  were  continuously 
considered. 

Only  completed  items  of  research,  which  have  been  summarized 
in  manuscript  form,  are  included  in  this  report.  A  total  of 
18  technical  papers  were  published  and  8  papers  are  in  press 
in  major  scientific  journals.  In  addition,  10  papers  were 
presented  at  international  and  national  conferences,  and  14 
invited  lectures  were  given  in  the  US  and  abroad.  A  further 
testimony  to  the  creativity  of  this  program  is  the  fact  that 
it  resulted  in  7  US  patents  and  3  patent  disclosures.  The 
technical  papers  and  issued  patents  are  given  as  Appendices 
A  through  Y  and  AA  through  GG,  respectively. 

During  1985,  the  author  served  as  a  member  on  the  Committee 
on  Energetic  Materials  Science  and  Technology  appointed  by 
the  Board  on  Army  Science  and  Technology.  Rocketdyne 's 
outstanding  contributions  to  fluorine  chemistry  were  also 
recognized  by  the  American  Chemical  Society  with  its  1986 
Award  for  Creative  Work  in  Fluorine  Chemistry. 


PUBLICATIONS  AND  PATENTS  GENERATED  UNDER  THIS  PROGRAM 


PUBLICATIONS 

1.  "Coordinatively  Saturated  Fluoro  Cations.  Oxidative 

Fluorination  Reactions  with  KrF+  Salts  and  PtF,  ,"  by 

o 

K.  0.  Christe,  W.  W.  Wilson  and  R.  D.  Wilson,  Inorg. 

Chem. .  £3,  2058  (1984). 

2.  "Some  Interesting  Observations  in  Chlorine  Oxyfluoride 
Chemistry,"  by  K.  0.  Christe  and  W.  W.  Wilson,  J.  Fluorine 
Chem. ,  26,  257  (1984). 

3.  "Structure  and  Vibrational  Spectra  of  Oxonium  Hexafluoro- 
Arsenates  (V)  and  -Antimonates  (V),"  by  K.  O.  Christe, 

P.  Charpin,  E.  Soulie,  R.  Bougon  and  J.  Fawcett,  Inorg. 

Chem. ,  23,  3756  (1984). 

4.  "The  Gas  Phase  Structure  of  CF-jN^.  An  Electron  Diffraction, 
Microwave  Spectroscopy  and  Normal  Coordinate  Analysis,"  by 
K.  O.  Christe,  D.  Christen,  H.  Oberhammer,  and  C.  J.  Schack, 
Inorg.  Chem. ,  23,  4283  (1984). 

5.  "Positive  Fluorine  -  Reality  or  Misconcept? , "  by  K.  0.  Christe 
J.  Fluorine  Chem.,  25 ,  269  (1984). 

6.  "Synthesis  and  Characterization  of  Bis [ dif luorooxychlorine 
(V)]  Hexaf luoronickelate  (IV),  ( CIF2O) 2NiF^ , "  by  W.  W.  Wilson 
and  K.  O.  Christe,  Inorg.  Chem. ,  23,  3261  (1984). 

7.  "Lewis  Acid  Induced  Intramolecular  Redox  Reactions  of 
Difluoramino  Compounds,"  by  K.  0.  Christe,  W.  W.  Wilson, 

C.  J.  Schack,  and  R.  D.  Wilson,  Inorg.  Chem,,  24 ,  303  (1985). 


8. 


■Synthesis  and  Characterization  of  NF^CrFg  and  Reaction 
Chemistry  of  CrF^,"  by  R.  Bougon,  W.  W.  Wilson  and 
K.  0.  Christe,  Inorg.  Chem. t  24 ,  2286  (1985). 

9.  "Cyanation  and  Nitration  of  Toluene  with  Cyanamide  and 
Nitramide  Through  Intermediate  Cyano-  and  Nitrodiazonium 
Ions.  Attempted  Fluorination  of  Aromatics  with  Fluoro- 
diazonium  Ion,"  by  G.  A.  Olah,  K.  Laali,  M.  Farnia,  J.  Shih, 

B.  P.  Singh,  C.  J.  Schack,  and  K.  0.  Christe,  J.  Org.  Chem. , 
50,  1339  (1985). 

10.  “Synthesis  and  Characterization  of  NF4+BrF4  and  NF4+BrF40  , " 
by  K.  O.  Christe  and  W.  W.  Wilson,  Inorg.  Chem.  ,  25 ,  1904 
(1986)  . 

11.  "Tetraf luoroammonium  Salts,"  by  K.  0.  Christe,  W.  W.  Wilson, 

C.  J.  Schack  and  R.  D.  Wilson,  Inorg.  Synth.  ,  24 ,  39  (  1986). 

12.  "Tungsten  Oxide  Tetraf luoride , "  by  W.  W.  Wilson  and  K.  O. 
Christe,  Inorg.  Synth. ,  24,  37  (1986). 

13.  "Cesium  Hexaf luoromanganate  (IV),"  by  W.  W.  Wilson  and  K.  O. 
Christe,  Inorg.  Synth.,  24 ,  3  (  1986  ). 

14.  "Chloryl  Fluoride,"  by  K.  0.  Christe,  R.  D.  Wilson  and 
C.  J.  Schack,  Inorg,  Synth. ,  24 ,  3  (1986). 

15.  "Synthesis  and  Characterization  of  CrF40,  KrF2*CrF40,  and 
NO+CrF^O  ,"  by  K.  0.  Christe,  W.  W.  Wilson,  and  R.  A.  Bougon, 
Inorg.  Chem. ,  25 ,  2163  (1986). 

16.  "Estimation  of  the  N-F  Bond  Distance  in  NF, +  from  its 

4 

General  Valence  Force  Field,"  by  K.  0.  Christe,  Spectrochim. 
Acta,  42A,  939  (1986). 
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PAPERS  PRESENTED  AT  MEETINGS 


27.  "Synthesis  and  Characterization  of  NF^CrF^  and  some 
Chemistry  of  CrFg,"  by  W.  W.  Wilson,  R.  A.  Bougon,  and 
K.  O.  Christe,  39th  ACS  Northwest  Regional  Meeting, 

Moscow,  Idaho,  June  1984. 

28.  "Lewis  Acid  Induced  Intramolecular  Redox  Reaction  of 
Difluoramino  Compounds,"  by  K.  0.  Christe,  W.  W.  Wilson, 

C.  J.  Schack  and  R.  D.  Wilson,  presented  at  the  1984 
International  Chemical  Congress  of  Pacific  Basin  Societies, 
Honolulu,  Hawaii,  December  1984. 

29.  "CrF,.  Chemistry  and  Synthesis  of  NF4CrF6,“  by  R.  A.  Bougon, 

W.  W.  Wilson,  and  K.  O.  Christe,  presented  at  the  Seventh 
Winter  Fluorine  Conference,  Orlando,  Florida. 

30.  "High  Energy  Fluorine  Compounds,"  by  K.  O.  Christe,  State 
of  the  Art  Symposium  -  Fluorine  Chemistry:  One  Hundred 
Years  and  Beyond.  Future  Trends  in  Fluorine  Chemistry, 
paper  presented  at  191st  National  ACS  Meeting,  April  13-18, 
1986,  New  York  City. 

31.  "Synthesis  and  Characterization  of  CrF40,  KrF2-CrF40  and 
NO+CrF^O  ,"  by  W.  W.  Wilson,  R.  A.  Bougon  and  K.  O.  Christe 
paper  presented  at  191st  National  ACS  Meeting,  April  13-18, 
1986,  New  York  City. 

32.  "Chemical  Generation  of  Elemental  Fluorine,"  by  K.  O.  Christe 
Invited  Lecture,  Centenary  of  the  Discovery  of  Fluorine, 
August  25-29,  Paris,  France. 

33.  "Reactions  of  Oxo  Anions  with  Halogen  and  Noble  Gas  Fluorides 
by  W.  W.  Wilson  and  K.  0.  Christe,  Centenary  of  the  Discovery 
of  Fluorine,  August  25-29,  1986,  Paris,  France. 


34.  "Some  New  Results  in  Nit rogen- Fluor  me  Chemistry,"  by 
K.  0.  Chnste,  R.  D.  Wilson,  M.  D.  Lind  and  N.  Thorup, 

Eighth  Winter  Fluorine  Conference,  January  25-30,  1987, 

St.  Petersburg,  Florida. 

35.  "Reactions  of  BrF^  with  the  Nitrate  Anion, 
and  K.  0.  Christe,  Eighth  Winter  Fluorine 
25-30,  1987,  St.  Petersburg,  Florida. 

36.  "Preparation  and  Characterization  of  NitSbF^i^  and  N  i  (  B  i  F  ^  , 

by  R.  Bougon,  P.  Charpin,  J.  Isabey,  M.  Lance,  K.  0.  Christe, 
and  W.  W.  Wilson,  Eighth  Winter  Fluorine  Conference,  January 
25-30,  1987,  St.  Petersburg,  Florida. 

INVITED  LECTURES 

Invited  lectures  on  work  done  under  this  contract  were  given  at : 

37.  University  of  Utah,  Salt  Lake  City 

38.  University  of  British  Columbia,  Canada 

39.  University  of  California,  Santa  Barbara 

40.  Universitat  Dortmund,  W-Germany 

41.  Ruhr-Universitat  Bochum,  W-Germany 

42.  Freie  Universitat  Berlin,  W-Germany 

43.  Technische  Universitat  Stuttgart,  W-Germany 

44.  Universitat  Ulm,  W-Germany 

45.  Phillips  Universitat  Marburg,  W-Germany  * 

46.  Universitat  Hannover,  W-Germany 

47.  Universitat  Gottingen,  W-Germany 

48.  University  of  Alabama,  Tuscaloosa 

49.  Clemson  University,  South  Carolina 

50.  Stanford  University,  Stanford,  CA 


"  by  W.  W.  Wilson 
Conference,  January 
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51.  "NF-j-F  Gas  Generator  Compositions,"  by  K.  0.  Christe 
and  W.  w  Wuscri,  U.S.  Pat.  4,410,377  (October  1983). 

52.  "NF  and  Nfr4  '-'F.,  and  Methods  of  Preparation,"  by 

W.  W.  Wilson  and  K.  0.  Christe,  U.S.  Pat.  4,421,727 

'  December ,  1  48  2  1  . 

52.  "Method  for  Introducing  Fluorine  into  an  Aromatic  Ring," 
by  K .  C .  Christe  and  C.  J.  Sc hack,  U.S.  Pat.  4,423,260 
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54.  " Per f * uoroarmnonium  Salt  of  Hept af luoroxenon  Anion,"  by 
K.  G.  Christe  and  W.  w.  Wilson,  U.S.  Pat.  4,428,913 
(January  1984 i. 

55.  " Per f 1 uor oammon i um  Salts  Fluoroxenon  Anions,"  by 

K.  G.  Christe  and  W.  w.  Wilson,  U.S.  Pat.  4,447,407 
( May  1984  )  . 

56.  "Synthesis  of  Pentaf  luorotellunum  Hypof  luor  ite  ,  "  by 

C.  J.  Schack,  w.  w.  Wilson  and  K.  0.  Christe,  U.S.  Pat. 
4,4  62,9  75  (  July  1984  )  . 

57.  "Method  for  Introducing  Fluorine  into  an  Aromatic  Ring," 
by  K.  O.  Christe  and  C.  J.  Schack,  U.S.  Pat.  4,476,337 
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58.  "Improved  Process  for  the  Production  of  BrF^O,  Its  Alkali 
Metal  Fluoride  Salts  and  FNO^,"  by  W.  W.  Wilson  and 

K.  0.  Christe. 
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59.  "Chemical  Synthesis  of  Elemental  Fluorine,"  by  K.  0.  Christe. 

60.  "Improved  Process  for  the  Preparation  of  Pure  N205,"  by 
K.  0.  Christe  and  W.  W.  Wilson. 

AWARDS 

61.  "Award  for  Creative  Work  in  Fluorine  Chemistry,"  by  the 
Fluorine  Division  of  the  American  Chemical  Society, 
presented  to  K.  0.  Christe  at  the  191st  National  ACS 
Meeting  in  New  York,  April  1986. 


RESULTS  AND  DISCUSSION 


In  view  of  the  vast  amount  of  data  generated  under  this  program, 
this  discussion  will  be  limited  to  a  highlight  of  some  of  the 
major  achievements.  For  more  detail,  the  interested  reader 
is  referred  to  the  manuscripts  given  in  the  Appendices. 

CHEMICAL  SYNTHESIS  OF  ELEMENTAL  FLUORINE 


The  chemical  synthesis  of  elemental  fluorine  had  been  pursued 
for  at  least  173  years  by  many  notable  chemists,  including 
Davy,  Fremy,  Moissan,  and  Ruff.  All  their  attempts  had  failed, 
and  the  only  known  practical  synthesis  of  F^  was  Moissan' s 
electrochemical  process,  which  had  been  discovered  100  years  ago. 

Although  in  principle  the  thermal  decomposition  of  any  fluoride 
is  bound  to  yield  fluorine,  the  required  reaction  temperatures 
and  conditions  are  so  extreme  that  rapid  reaction  of  the  evolved 
fluorine  with  the  hot  reactor  walls  preempts  the  isolation  of 
significant  amounts  of  fluorine.  Thus,  even  in  the  well- 
publicized  case  of  K^PbF7,  only  trace  amounts  of  fluorine  were 
isolated. 

These  failures,  combined  with  the  fact  that  fluorine  is  the 
most  electronegative  element  and  generally  exhibits  the  highest 
single  bond  energies  in  its  combinations  with  other  elements, 
had  led  to  the  widely  accepted  belief  that  it  was  impossible  to 
generate  fluorine  by  purely  chemical  means. 

The  Centenary  of  the  Discovery  of  Fluorine  by  Moissan  which  was 
held  in  August  1986  in  Paris  prompted  us  to  study  the  possibility 
of  a  purely  chemical  synthesis  of  fluorine.  This  goal  was 
achieved  within  two  weeks,  just  in  time  for  presentation  at  the 
Moissan  Centenary.  Our  chemical  synthesis  of  was  based  on 


the  fact  that  thermodynamically  unstable  high-oxidation-state 
transition-metal  fluorides  can  be  stabilized  by  anion  formation. 
Thus,  unstable  NiF^,  CuF^ ,  or  MnF^  can  be  stabilized  in  the  form 
of  their  corresponding  MFg2-  anions.  Furthermore,  it  was  well- 
known  that  a  weaker  Lewis  acid,  such  as  MF^ ,  can  be  displaced 
from  its  salts  by  a  stronger  Lewis  acid,  such  as  SbF^. 

K2MF6  ♦  2SbF5 - »~2KSbF6  +  [ MF4  ]  (1) 

If  the  liberated  MF^  is  thermodynamically  unstable,  it  will 
spontaneously  decompose  to  a  lower  fluoride,  such  as  MF^  or 
MF2,  with  simultaneous  evolution  of  elemental  fluorine. 

[MF4] - fc-MF-j  +  1/2F  (2) 


Since  a  reversal  of  (2)  is  thermodynamically  not  favored, 
fluorine  can  be  generated  even  at  relatively  high  pressures. 

Consequently,  the  chemical  generation  of  elemental  fluorine 
was  accomplished  by  a  very  simple  displacement  reaction  and 
by  selecting  a  suitable  complex  fluoro  anion  which  can  be 
prepared  without  the  use  of  elemental  fluorine  and  is  derived 
from  a  thermodynamically  unstable  parent  molecule.  The  salt 
selected  for  this  study  was  K2MnF&.  It  had  been  known  since 
1899  and  is  best  prepared  from  aqueous  HF  solution. 


2KMnO.  +  2KF  +  10HF  +  3H.0.  _50%  a(3  HF 

4  2  2 


2K2MnF6  +  +  8H20  +  302  (3) 


The  other  starting  material,  SbF^,  was  prepared  in  high  yield 
from  SbClj  and  HF. 

SbF5  +  5HC1 


SbCl5  +  5HF 


(4) 


Since  both  starting  materials,  J^Mr.Fg  and  SbFg,  can  be  readily 
prepared  without  the  use  of  F2  from  HF  solutions,  the  reaction 

K2MnFg  +  2SbF5 - 2KSbFg  +  MnF3  +  1/2F2  (5) 

represents  a  truly  chemical  synthesis  of  elemental  fluorine. 

The  displacement  reaction  between  K-MnF.  and  SbF.  was  carried 

Z  o  D 

out  in  a  passivated  Teflon-stainless-steel  reactor  at  1508C  for 
1  h.  The  gas,  volatile  at  -196°C,  was  measured  by  PVT  and 
shown  by  its  reaction  with  mercury  and  its  characteristic  odor 
to  be  fluorine.  The  yield  of  fluorine  based  on  (5)  was  found 
to  be  reproducible  and  in  excess  of  40%.  Fluorine  pressures 
of  more  than  1  atm  were  generated  in  this  manner. 

Our  successful  chemical  synthesis  of  fluorine  received  much 
attention  and  was  published  within  one  month  in  Inorganic 
Chemistry  (Appendix  Q).  It  was  also  highlighted  in  journals 
such  as  Chemical  and  Engineering  News,  Chem  Matters,  and  the 
Yearbook  of  Science  and  the  Future  for  Encyclopaedia  Britannica 

Solid  Propellant  Pure  Fluorine  Gas  Generators 

The  principle  outlined  above  for  the  chemical  synthesis  of 
elemental  fluorine  can  also  be  applied  to  solid  propellant 
pure  fluorine  gas  generators  by  a  simple  replacement  of  the 
volatile  Lewis  acid  SbF^  by  a  nonvolatile  solid  Lewis  acid  such 
as  BiF,.  or  TiF^.  This  concept  was  successfully  demonstrated 
(Appendix  W)  for  the  K2NiFg-BiF^ ,  Cs2CuFg-BiF5 ,  Cs2MnF6~BiF5 , 
K2NiFg-TiF^,  and  I^NiF^-TiF^-BiF^  systems.  This  type  of 
generator  holds  great  potential  for  applications  such  as 
pulsed  DF  chemical  lasers  using  a  gas  recirculating  system. 


NF^  Chemistry 


In  view  of  the  fact  that  the  NF^  cation  is  the  most  useful 
and  most  stable  highly  energetic  cationic  oxidizer  presently 
known,  the  chemistry  of  NF4  +  was  further  explored. 

The  first  examples  of  NF4+  salts  with  halogen  fluoride  anions 
were  synthesized  and  characterized.  These  salts  are  NF4BrF4 
and  NF4BrF40  and  are  described  in  Appendix  J.  Similarly, 
the  synthesis  and  characterization  of  NF4CrF^  is  described 
in  Appendix  H. 


The  bond  length  in  NF.  has  been  estimated  from  its  General 

• 

Valence  Force  Field  as  1.31A  (see  Appendix  P).  Experimental 
verification  of  this  value  has  finally  been  achieved  by  a 
x-ray  single  crystal  structure  determination  of  NF4BF4  which 
resulted  in  a  value  of  1.30A.  These  results  will  be  reported 
on  in  a  future  publication.  A  review  of  synthetic  procedures 
for  the  preparation  of  NF4+  salts  was  published  in  Inorganic 
Syntheses  (see  Appendix  M). 


NF^  Chemistry 


Since  difluoramine  is  an  important  intermediate  in  the 
preparation  of  other  oxidizers  such  as  N2F4,  a  better 
knowledge  of  this  poorly  characterized  material  was  desired. 
This  work  was  complicated  by  the  fact  that  HNF2  is  a  vicious 
explosive.  Samples  of  HNF2  and  pure  DNF2  were  prepared  and 
studied  in  both  the  liquid  and  the  solid  phase  (Appendix  S). 

It  was  shown  that,  surprisingly,  association  in  the  condensed 
phases  occurs  through  N-H — bridges  and  not  through  N-H--F 
bridges  (Appendix  Y).  The  structures  of  the  alkali  metal 
fluoride  -HNF2  adducts  were  studied  and  it  was  shown  that 
the  different  alkali  metal  adducts  all  contain  the  [F-,*HNF2]’ 


anion  (Appendix  S).  Evidence  was  obtained  for  two  different 
adducts  which  do  not  differ  by  nature  but  only  by  the  relative 
strength  of  their  F--H-N  bridge.  The  more  strongly  bridged 
adducts  might  account  for  the  explosive  nature  of  some  of  the 
adducts . 

It  was  also  found  that  certain  dif luoramino  compounds  are 
unstable  towards  Lewis  acids  and  readily  undergo  intramolecular 
redox  reactions  (see  Appendix  G). 

CHROMIUM  FLUORIDE  CHEMISTRY 

Since  CrF..  is  expected  to  be  a  very  powerful  oxidizer  (CrF_ 

®  ^ 

can  already  oxidize  02  to  O^  ) ,  we  became  interested  in 

chromium  fluoride  chemistry.  Although  the  synthesis  of  CrF. 

o 

in  bulk  quantities  has  so  far  proven  elusive,  the  reaction 
chemistry  of  CrF5  (Appendix  H)  and  CrF40  (Appendices  0  and  X) 
was  studied  and  several  new  adducts  such  as  KrF2-CrF40, 

N0+CrF50  and  CrF40*SbF^  were  synthesized  and  characterized. 

It  was  shown  that  some  of  these  adducts  are  extremely  powerful 
oxidizers . 

OXYGEN-FLUORINE  EXCHANGE  REACTIONS 


The  nitrate  anion  was  found  to  be  a  very  versatile,  cheap  and 
readily  available  reagent  for  achieving  fluorine-oxygen  exchange 
in  many  cases.  For  example,  the  previously  rather  unaccessible 
BrF^O  molecule  and  its  BrF40  salts  can  now  be  prepared  with 
great  ease  in  quantitative  yields  (see  Appendix  T): 

LiN03  +  BrF5 - LiF  +  FN02  +  BrF-jO  (6) 

KN03  ♦  BrF5 


KBrF.O  +  FNO- 
4  2 


(7) 


The  latter  type  reaction  was  used  to  synthesize  and  characterize 
the  novel  salts  NaBrF^O  and  RbBrF^O.  By  using  an  excess  of  MN03 
in  these  reactions,  it  was  found  that  BrON02  and  N20^  became  the 
major  products.  Since  Br0N02  had  previously  been  only  poorly 
characterized,  this  compound  and  its  reaction  chemistry  were 
studied  in  more  detail  (Appendix  V).  It  was  found  that  N20,_  forms 
with  BrON02  the  ionic  adduct  N02+ [ Br ( 0N02 ) 3 ] ” .  Furthermore,  it  was 
shown  that  the  previously  reported  compound  Br(0N02)3  is  identical 
to  N02+[Br(0N02 >2 ]  and  had  been  incorrectly  identified. 

In  connection  with  this  study  we  have  also  discovered  a  new 
synthesis  of  N20^  according  to 

LiN03  +  FN02 - ■fc-LiF  +  N205  (8) 

This  synthesis  offers  the  advantage  of  eliminating  the  need  for 
an  ozone  generator  required  for  the  previously  used  methods. 

The  laser  Raman  spectrum  of  N20,.  was  also  recorded  and  it  was 
shown  that  solid  N205  which  has  the  ionic  structure  N02+N03~ 
cannot  contain  completely  linear  N02+  cations.  The  latter 
result  is  in  contrast  to  previous,  low-precision  x-ray  diffraction 
data  (Appendix  U). 

Extension  of  this  work  to  other  fluorides  and  oxoanions  is  under 
progress . 

CONCLUSION 

The  work  during  this  contract  period  has  again  been  extremely 
fruitful.  The  f irst . chemical  synthesis  of  elemental  fluorine 
not  only  represented  a  major  breakthrough  in  basic  chemistry, 
but  also  resulted  in  useful  applications  such  as  a  solid  pro¬ 
pellant  pure  fluorine  gas  generator  for  high-power,  pulsed  DF 
lasers.  Another  example  is  the  class  of  oxygen-fluorine  exchange 
reactions  using  nitrates  which  resulted  in  an  improved  synthesis 
of  pure  N20j.  These  and  the  other  examples  highlighted  above 
demonstrate  again  the  benefits  which  can  be  expected  from  well- 
planned,  goal-oriented  basic  research  and  program  continuity. 
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Cooniiaativdy  Saturated  Flaoro  Cado«.  Oxidative  Fluorine tioa  Reactions  with  KrF* 

Salts  and  PtF* 

KARL  O.  CHRISTE,*  WILLIAM  W  WILSON,  and  RICHARD  D  WILSON 
Rtctteed  August  24.  I99i 

The  niefelneea  of  KrF*  talu  and  PtF,  aa  oxidative  fluorinaton  for  the  syntbeaea  of  the  coordinatively  saturated  complex 
fluoro  cation*  NF,‘.  C1F,\  and  BrF,*  was  studied.  The  syntbeeaa  of  NF^bF„  NF^AsF*.  NF,BF„  and  NF.TiF,  nTiF. 
front  KrFj-Lcwi*  acid  adducts  and  NF,  were  investigated  under  different  reaction  condition*.  The  fluorination  of  NF, 
by  KrF*SbF,~  in  HF  solution  we*  found  to  proceed  quantitatively  at  temperature*  as  low  a*  -31  *C,  indicating  an  ionic 
two-doctron  oxidation  mechanism.  An  improved  synthesis  of  KrF*MF,"  (M  •  A a.  Sb).  Raman  data  and  solubilities  in 
HF,  and  the  exietence  of  a  Kr,F,*nKrFiBF4'  adduct  in  HF  st  -40  *C  are  reported.  Attempts  to  floorinate  OFj,  CF,NF2. 
and  Cffp-  with  KrF*  salts  were  unsuccessful.  Whereas  KrF*  is  capable  of  oxidizing  NF*  CIF*  and  BrF,  to  the  corresponding 
complex  fluoro  cations,  PtF,  was  shoent  to  be  capable  of  oxidizing  only  NF)  and  CIFS.  Since  the  yield  and  purity  of  the 
NF,*  fhsoropiatinatc  salts  obtained  in  this  manner  were  low,  NF,PlF,  was  also  prepared  from  NF,,  Fj,  and  PtF,  at  elevated 
temperature  and  present*.  General  aspects  of  the  formation  mechanisms  of  coordinatively  saturated  complex  fluoro  cations 
are  discussed  briefly. 


The  preparation  of  coordinatively  saturated  complex  fluoro 
cation*  presents  a  treat  challenge  to  the  synthetic  chemist  The 
nonexistence  of  the  corresponding  parent  molecules  preempts 
the  normally  facile  cation  formation  by  a  simple  F*  abstraction 
from  a  parent  molecule,  and  an  F*  addition  to  a  lower  fluoride 
is  ruled  out  by  the  fact  that  fluorine  is  the  most  electronegative 
element  and  therefore  F*  cannot  be  generated  by  chemical 
means.1  In  view  of  these  difficulties  it  is  not  surprising  that 
at  the  present  time  only  three  coordinatively  saturated  fluoro 
cations,  NF,*,U  C1F,*,4-3  and  BrF,*,*  are  known  to  exist.  In 
addition  to  their  challenge  to  the  synthetic  chemist,  the  for¬ 
mation  mechanism  of  these  cations  represents  sn  intriguing 
and  as  yet  unsolved  puzzle.7 
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These  problems  were  complicated  by  the  facts  that  each  of 
the  three  known  coordinatively  saturated  fluoro  cations  had 
been  prepared  by  a  different  method**  and  that  these  methods 
could  not  readily  be  transferred  from  one  cation  to  another. 
The  purpose  of  this  study  was  to  examine  whether  the  synthesis 
of  each  coordinatively  saturated  fluoro  cation  is  indeed  limited 
to  a  specific  method  and  whether  these  methods  possess  any 
commonalties. 

Expariaseatal  Section 

Apparatus.  Volstile  material!  used  in  this  work  were  handled  in 
a  stainless  Heel-Teflon  FEP  vacuum  line.  The  line  and  other  hardware 
used  were  well  passivated  with  CIF}  and.  if  HF  was  to  be  used,  with 
HF.  Nonvolatile  materials  were  handled  in  the  dry-nitrogen  atmo¬ 
sphere  of  t  glovebox.  Metathetical  reactions  and  solubility  mea¬ 
surements  were  carried  out  in  HF  solution  with  use  of  an  apparatus 
consisting  of  two  FEP  U-trsps  interconnected  through  a  coupling 
containing  s  porous  Teflon  fiber.1 

Infrared  spectra  were  recorded  in  the  range  4000-200  cm"1  on  a 
Perkin-Elmer  Model  28J  spectrophotometer  Spectra  of  solids  were 
obtained  by  using  dry  powders  pressed  between  AgCI  windows  in  an 
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Coordinatively  Saturated  Complex  Fluoro  Cations 

Econo  pros  (Barnes  Engineering  Ca).  Spectra  of  gases  were  obtained 
by  usina  a  Teflon  cell  of  S-cm  length  equipped  with  AgCl  windows. 

Raman  spectra  were  recorded  on  a  Cary  Model  83  spectropho¬ 
tometer  using  the  4880-A  exciting  tine  of  aa  Ar  ion  laser  and  Claamrn 
filter*  for  the  elimination  of  plasma  lines.  Sealed  glass.  Teflon  FEP, 
or  Kel-F  tubes  were  used  as  sample  containers  in  the  transverse- 
riewing  tramverse-esdtatioa  mode.  Lines  due  to  the  Teflon  or  Kel-F 
sample  tubes  were  suppressed  by  the  use  of  a  metal  mask. 

Material.  Literature  methods  were  used  for  the  preperation  of 
PtF*1*  KrF„n  CFjNFj,11  CIF,0.1J  CIF*14  and  FNO15  and  for  the 
drying  of  HF. 14  Nitrogen  trifluoride  (Rocketdyne),  F]  (Air  Products). 
OF]  (Allied  Chemical).  BrF5  and  BF,  (Matheaon).  and  AsFj,  SbFs, 
and  TiF,  (Ozark  Mahanmg)  were  commericelly  available.  Their  purity 
was  checked  by  vibrational  spectroscopy  prior  to  use  and,  where 
necessary,  improved  by  fractional  condensation  or  distillation. 

Prsparartsa  ef  KrFSbF,.  Antimony  pen ta fluoride  (21.7  mmol) 
was  syringed  in  the  dry  box  into  a  prepassivated  Teflon  FEP  U-tube 
equipped  with  two  stainless  steel  valves.  The  tube  was  connected  to 
the  vacuum  line,  and  dry  HF  (3  mL  of  liquid)  was  distilled  into  the 
tube.  The  HF  and  SbF,  were  allowed  to  homogenise  at  ambient 
temperature,  and  a  preweighed  amount  of  KrF2  (22.9  mmol)  was 
transferred  under  a  dynamic  vacuum  into  the  U-tubc  at  -19b  *C. 
The  mixture  was  warmed  toward  room  temperature  until  a  slight 
effervescence  was  noted.  At  this  point  the  tube  was  coded  again, 
and  the  warmup  procedure  was  repeated.  After  a  total  of  three 
warmup  cycles,  all  volatile  material  was  pumped  off  at  -22  *C.  leaving 
behind  pure  KrFSbF,  (21.3  mmol  “  99%  yield  based  on  SbFj). 
KrFAsF,  was  prepared  in  an  analogous  manner,  except  the  AsFj  was 
loaded  into  the  tube  on  the  vacuum  line. 

Bearden  af  NF,  with  KrF,  ad  Aafy  A  prepaasivated  (with  ClFj) 
10-mL  stainless  steel  Hoke  cylinder  equipped  with  a  '/*  in.  Whitey 
stainless  steel  valve  was  loaded  on  the  vacuum  line  at  -196  *C  with 
KrF]  (6.13  mmol).  AsF,  (3.07  mmol),  and  NFj  (21.9  mmol).  The 
cylinder  was  placed  in  a  liquid-Nj-dry-ice  slush  bath  and  allowed 
to  warm  slowly  to  room  temperature  over  a  30-h  time  period  and  then 
was  kept  in  an  oven  at  33  *C  for  4  days.  The  cylinder  was  cooled 
to  -210  *C  (Nj  slush  bath,  prepared  by  pumping  ou  liquid  Nj).  and 
the  volatile  products  were  separated  during  warmup  of  the  cylinder 
by  fractional  condensation  through  traps  kept  at  -136  *C  (nothing) 
and  -210  *C  (24.9  mmol  of  NFj  and  Kr).  The  white  solid  residue 
(827.6  mg  w  2.97  mmol)  etas  identified  by  infrared  and  Raman 
spectroscopy  as  pure  NF«AaF,,T  (96.7%  yield  based  on  AsF,). 

Rsactleu  ef  NF,  with  KrF]  end  BF,.  The  reaction  was  carried  out 
as  described  above  for  the  corresponding  AsF,  system,  except  for  a 
40%  reduction  in  the  amount  of  starting  materials  used.  The  yield 
of  solid  NF,BF,  was  30.6%  based  on  BF,. 

Reacdsa  ef  SeU  KrFSbF,  with  NF,.  KrFSbF,  (2.42  mmol)  was 
added  in  the  drybox  to  a  prepassivated  Teflon  PFA  U-tube  (39  mL 
volume)  equipped  with  Teflon  PFA  valves.  The  tube  was  connected 
to  the  vacuum  line,  and  NF,  (2.43  mmol)  was  added  at  -196  *C.  After 
3  h  at  22  *C.  the  volatile  products  were  removed.  Analyses  of  the 
volatile  material  and  of  the  solid  residue  showed  that  1 2.7%  of  the 
KrFSbF,  had  been  converted  to  an  NF,*  salt. 

When  the  reaction  was  repeated  with  2.32  mmol  of  KrFSbF,  and 
6.84  mmol  of  NF,  at  30  *C  for  3.3  h,  the  conversion  of  KrFSbF,  to 
NF,*  salts  was  43.8%.  An  additional  treatment  of  the  solid  mixture 
of  NF,*  salts  and  unreacted  KrFSbF,  with  more  NF,  for  4  h  at  30 
*C  resulted  in  little  further  conversion  to  NF,*  salts.  Vibrational 
spectra  of  the  white  solid  product  showed  the  presence  of  the  NF,*.11 
KrF*."  SbF,  .'*  and  Sb,F„- "  ions. 
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Table  L  Oxidative  Fluoruiation  of  NF,  to  NF,SbF,  by 
KrFSbF,  in  HF  Solution 


reacn 

temp, 

•c 

KrFSbF.:NF, 

reacn 
time,  h 

conversion 
of  KrFSbF., 
% 

products 
(composition,  %) 

25 

1:1 

3 

100 

NF.Sb.F,,  (91), 
NF.SbF,  (9) 

-31 

1:1 

3 

37 

NF.SbF,  (37), 
KrFSbF,  (63) 

-31 

large  excess 
of  NF Pftr,  = 
1000  mm 

1 

100 

NF.SbF.  (100) 

-45 

1:1 

3 

23 

NF.SbF.  (23), 
KrFSbF. (77) 

-78 

1:1 

3 

0 

KrFSbF. (100) 

Raacdena  of  KrFSbF,  with  NF,  in  HF  Sidalloa,  General  Procedure. 
KrFSbF,  (—3  mmol)  was  weighed  in  the  drybox  into  a  prepassivated 
0.3  in.  o.d.  Teflon  PFA  U-tube  (38  mL  volume)  equipped  with  two 
Teflon  PFA  valves.  The  tube  was  connected  to  the  vacuum  line,  and 
anhydrous  HF  (— 1.25  g)  and  NF,  were  added  at  -196  °C.  The 
contents  of  the  tube  were  wanned  for  a  specified  time  period  to  the 
desired  reaction  temperature.  The  reaction  was  stopped  by  quickly 
pumping  off  the  NF,.  followed  by  removal  of  the  HF  solvent.  The 
material  balances  were  obtained  by  separating  the  volatile  products 
via  fractional  condensation  through  traps  kept  at  -126  and  -210  °C, 
by  PVT  measurements  and  infrared  analysis  of  each  fraction,  and 
by  the  weight  change  of  the  solid  phase  and  its  Raman  and  infrared 
spectra,  which  were  compared  against  those  of  mixtures  of  known 
cum  position  When  stoichiometric  amounts  of  KrFSbF,  and  NF,  were 
used,  the  NF,  was  coodensed  into  the  U-tube  and  the  valves  were 
dosed.  When  a  large  excess  of  NF,  was  used,  the  NF,  pressure  was 
kept  constant  at  1000  mm  by  the  use  of  a  large  ballast  volume  and 
a  pressure  regulator.  The  results  of  these  reactions  are  summarized 
in  Table  I. 

Baaedaai  ef  PtF,  with  NF,  la  HF.  A  prepassivated  Teflon  FEP 
U-trap  (1 19  mL  volume)  was  loaded  at  -196  *C  with  HF  (5  mL 
liquid)  and  equimolar  amounts  (4.88  mmol  each)  of  PtF,.  NF,.  and 
F,.  The  contents  of  the  trap  were  kept  at  25  *C  for  14  h.  All  volatile 
material  was  pumped  off  at  23  “C.  leaving  behind  828  mg  of  a  dark 
red  tacky  solid,  which  based  on  its  infrared  spectrum  was  an  NF,* 
salt  ( 1 1 58  vs  cm'1,  »,(F]))  of  PtF,'  and/or  a  fluoroplatinate  polyanion 
(665  vs,  625  s,  560  vs  cm'1).  Attempts  were  unsuccessful  to  purify 
the  sample  by  extraction  with  anhydrous  HF. 

UV  Phatelyria  ef  NFj-PtF,.  A  prepassivated  0.5  in.  o.d.  sapphire 
reactor1  (26  mL  volume)  was  loaded  at  -196  *C  with  PtF,  (1.22  mmol) 
and  NF,  (1.31  mmol).  The  mixture  was  irradiated  for  2  days  at 
ambient  temperature  with  a  Hanovia  Model  616A  high-pressure  quartz 
mercury  vapor  arc  lamp.  All  volatile  material  was  pumped  off  at  2$ 
*C,  leaving  behind  a  red-brown  solid  (116  mg),  which  based  on  its 
infrared  spectrum  contained  the  NF,*  cation  (2000  w  cm'1,  »,  +  »,(F2). 
1218  mw  cm'1,  2r,(A|  +  E  +  Fj);  1159  vs  cm'1,  vj(F2);  607  mem1, 
v,(Fi))1’  end  a  fluoroplatinate  polyanion  (690  vs,  639  vs.  636  s,  533 
vs,  br  cm1). 

Synthesis  of  NF.PtF,.  Into  a  prepassivated  Monel  cylinder  (100 
mL  volume)  were  loaded  PtF,  (2.22  mmol),  NF,  (2118  mmol),  and 
F]  (216.7  mmol)  at  -196  *C.  The  cylinder  was  heated  to  123  °C 
for  7  days,  followed  by  removal  of  all  material  volatile  at  25  *C  The 
residue  consisted  of  802  mg  of  a  dark  red  solid  (weight  ealed  for  2.22 
mmol  of  NF«PtF,  “  884  mg),  which  on  the  basis  of  its  infrared  and 
Raman  spectra  consisted  mainly  of  NFjPtF,.15-17-*  IR  (cm'1):  NF,*. 
2305  vw  (2»,).  1995  w  (»,  +  »,),  1758  vw  (r,  4-  »,).  1452  w  (,,  4* 
v,).  1220  mw  (2*,).  1 180  sh,  1158  vs,  1145  sh  (*,).  1049  w  (v,  +  »,) 
606  m  («-,);  PtF,',  1320,  1300,  1280  w  (v,  +  1220  (v,  +  r,).  675 

sh,  650  vs,  625  sh  (r,),  570  s,  tr  (v,).  Raman  (cm'1):  NF,*.850mw 
(r,);  PtF,',  641  vs  (r,),  580  mw  (»,),  239  m  (»5),  194  w  (»,) 

Reaction  of  PtF,  with  OF,  In  HF.  A  prepassivated  0.75  in.  o  d 
Teflon  FEP  ampule  (49-mL  volume)  was  loaded  at  -196  *C  with  PtF, 
(2.10  mmol),  HF  (2  mL  liquid),  and  CIF,  (4.20  mmol).  The  mixture 
was  allowed  to  slowly  warm  to  ambient  temperature  in  an  empty  cold 
Dewar.  After  the  ampule  was  kept  for  2  days  at  ambient  temperature, 
(he  brown  PtF,  color  had  disappeared.  The  volatile  material  was 

(19)  Chnste,  K  O  ;  Wilson.  R.  D ,  Schack,  C  J  lnort  Chtm  1977.  16.  9)7 

(20)  Tolbert,  W  E  .  el  al..  unpublished  results 
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removed  in  vacuo  at  room  temperature  and  separated  by  fractional 
condensation.  It  consisted  of  the  HF  solvent  and  CIFj  (2.1  mmol). 
The  orange-yellow  solid  renduc  (0.91  g)  was  shown  by  infrared  and 
Raman  spectroscopy  to  be  an  about  equimolar  mixture  of  ClF4PtF4 
and  ClFtPtFi11  (weight  calculated  for  a  mixture  of  1.0S  mmol  of 
CIF«PtF,  and  1.05  mmol  of  ClF(PtF«  -  0.923  g). 

When  the  reaction  was  repeated  under  the  same  conditions,  except 
for  use  of  BrFj  in  place  of  C1F5,  no  evidence  for  the  formation  of  a 
stable  BrF4*  salt  was  obtained. 

Results 

Syntheses  and  Some  Properties  o t  KrF, -Lewis  Add  Adducts. 

Although  the  synthesis  of  KrF*MF4'  (M  •  As,  Sb)  salts  is 
well-known,*-"-21,22  the  reported  direct  combination  of  KrF2 
with  the  Lewis  adds  can  result  in  a  spontaneous  exothermic 
decomposition  of  KrF2  accompanied  by  a  bright  flash  and  gas 
evolution."  In  this  study  this  problem  was  avoided  by  dis¬ 
solving  the  Lewis  add  in  a  large  excess  of  anhydrous  HF  Wore 
adding  a  stoichiometric  amount  of  KrF2.  This  procedure 
resulted  in  an  easily  controllable,  scalable,  and  quantitative 
synthesis  of  the  desired  KrF2-Lewis  add  adducts. 

Since  the  Raman  spectra  of  solid  KrF^MF*'  salts  show 
many  more  bands  than  expected  for  an  isolated  diatomic  cation 
and  an  octahedral  anion,"  we  have  recorded  the  Raman 
spectrum  of  KrF*SbF4'  in  HF  solution  at  -5  °C.  The  total 
number  of  bands  was  reduced  to  four,  as  expected  for  a  dia¬ 
tomic  KrF*  (610  cm"1)  and  octahedral  SbF6*  (»i(Alg)  ”  656, 
»2(E,)  »  576,  vjfF^)  *  278  cm*1),  thus  confirming  that  the 
additional  bands  observed  for  solid  KrF*SbF4' "  are  indeed 
due  to  solid-state  effects.  The  solubility  of  KrF+SbF(~  in 
anhydrous  HF  at  -31  °C  was  also  measured  as  43.9  mg/g  of 
HF  by  the  use  of  a  previously  described  method." 

Since  mixtures  of  KrF2  and  BF3  in  anhydrous  HF  are  ca¬ 
pable  of  oxidizing  NFj  to  NF4+  (see  below),  it  was  interesting 
to  establish  whether  BFS  forms  an  adduct  with  KrF2  under 
these  conditions.  Raman  spectra  of  an  equimolar  mixture  of 
KrFj  and  BF,  in  anhydrous  HF  at  -40  °C  showed  bands  (597 
(10),  561  (2).  462  (7.5),  334  (1),  179  (1.7)  cm*')  characteristic 
for  Kr2F3+-xKrF21*  and  a  weak  band  at  879  cm'1  due  to  v,(A,) 
of  BFj.22  The  bands  expected  for  BF4'  were  difficult  to 
observe  under  the  given  conditions  due  to  their  low  relative 
intensity  and  the  low  signal  to  noise  ratio.  Removal  of  volatile 
material  under  a  dynamic  vacuum  at  -78  °C  resulted  in  a 
white  solid  residue  which,  on  the  basis  of  its  Raman  spectrum 
(461  cm'1)  at  -1 10  °C,  consisted  of  KrF2.M  These  results 
clearly  show  that  KrF2  does  not  form  a  stable  solid  adduct  with 
BFj  at  temperatures  as  low  as  -78  *C  but  that  in  HF  solution, 
even  at  temperatures  as  high  as  -40  *C,  ionization  to 
[Kr2Fj'VxfCrF2]  [BF4~]  occurs.  The  observation  of  free  BFj 
is  readily  accounted  for  by  the  formation  of  krypton  fluoride 
polycations,  which  leaves  most  of  the  BFj  uncomplexed. 
Whether  any  free  KrF2  is  also  present  in  the  HF  solution  is 
difficult  to  say  because  the  KrF2  band  coincides  with  the 
462-cm'1  band  of  Kr2Fj+-xKrF2." 

Flnorination  Reactions  with  KrF*  Salts.  The  oxidative 
fluorination  of  NF3  to  NF4*  by  KrF*  salts  was  First  discov¬ 
ered22  by  Artyukhov  and  Khoroshev  and  independently  re¬ 
discovered  in  our  laboratory.  In  our  study,  mixtures  of  NF}, 
KjF2,  and  either  AsFj  or  BF3  in  mole  ratios  of  7:2:1  were 
allowed  to  warm  in  stainless  steel  cylinders  from  -196  to  4-50 
8C  under  autogenous  pressures  of  about  75  atm.  In  2  dav 
FF4AsF4  and  NF4BF4  had  formed  in  97  and  30%  yield, 
spectively,  based  on  the  limiting  reagents  AsFj  and  BF3, 


(21 )  Friec,  B.;  HoUowsy.  J.  H.;  tnorg.  Chtm.  1974,  IS,  1263;  J  Chtm.  Soc., 
Chtm.  Commit n.  1974.  S9. 

(22)  Setig.  H  .  Peacock.  R  D.  J.  Am.  Chtm.  Soc.  1964.  86,  3893. 

(23)  Uatawi.  L  P  ;  Wibon.  M  K.  J.  Chtm.  fhyt.  1946.  24.  2*2. 

(24)  Clause,  H.  H.;  Goodman,  G.  L.;  Malm.  1.  G  ;  Schreiner.  F.  J.  Chtm. 
Fhyt.  1964.  41.  1229 

(23)  Artyukhov.  A.  A.;  Khoroshev.  S.  S.  Koord.  Khim.  1977.  3,  1478. 


agreement  with  the  equations 

NFj  +  KrF2  +  AsF,  —  NF4AsF6  +  Kr 
NFj  +  KrF2  +  BFj  —  NF4BF4  +  Kr 

In  the  Russian  study  the  reactions  were  carried  out  at  room 
temperature  either  with  solid  KrF*SbF4"  and  1  atm  of  NFj 
or  in  HF  solution  with  stoichiometric  amounts  of  KrF2,  N  F,. 
and  one  of  the  Lewis  acids  SbFs,  NbFs,  PF5,  TiF4,  and  BFj 
at  total  pressures  of  3-4  atm  and  with  reaction  times  of  1-3 
h.  On  the  basis  of  elemental  analyses  and  vibrational  spectra 
their  products  were  assigned  to  NF4*  salts  of  SbF6',  NbF6\ 
PFt",  TiF42~,  and  BF4‘,  respectively.25  We  have  repeated  some 
of  these  reactions  in  our  laboratory  because  for  (NF4)2TiF4 
and  NF4SbF4  the  reported  vibrational  spectra  were  those  of 
polyanions,17-"-26  and  no  yields  and  concentration  or  tem¬ 
perature  dependences  were  given  that  would  help  to  shed  some 
light  on  the  possible  mechanism  of  these  reactions. 

Our  results  for  the  reaction  of  solid  KrFSbF6  with  NFj 
showed  that  indeed  the  NF4*  cation  is  formed  but  that  under 
the  reported  conditions25  the  reaction  is  incomplete  and  that 
the  NF4*  salt  is  mainly  NF4Sb2F,,  and  not  NF4SbF6. 

When  the  reaction  of  KrF2-SbFj  mixtures  or  of  preformed 
KrFSbFs  with  stoichiometric  amounts  of  NF3  was  carried  out. 
as  previously  reported,25  in  HF  solution  at  ambient  tempera¬ 
ture,  the  reaction  was  complete  in  less  than  3  h.  However, 
contrary  to  the  previously  reported  elemental  analysis  but  in 
agreement  with  the  listed  vibrational  spectra,25  the  solid 
product  consisted  mainly  of  NF4Sb2F,,  (~90%)  and  not 
NF»SbF4.  The  formation  of  mainly  NF.SbjF,,  suggests  that 
under  these  conditions  the  oxidation  of  NFj  by  KrFSbF6  is 
not  quantitative  and  that  some  KrFSbF*  decomposes  to  Kr. 
F2,  and  SbFj  with  the  latter  combining  with  NF4SbF4  to  form 
NF4SbjF||.  By  lowering  the  reaction  temperature,  we  suc¬ 
ceeded  in  completely  suppressing  the  formation  of  NF4SbjF|,, 
and  NF4SbF4  was  obtaiiml  as  the  only  product,  contaminated 
by  large  amounts  of  unreacted  KrFSbF*.  However,  a  quan- 
tiative  oxidation  of  NFj  by  KrFSbFt  according  to 

NF,  +  KrFSbF*  —  NF4SbF4  +  Kr 

was  accomplished  by  the  use  of  a  sufficient  excess  of  NF}. 
Since  the  concentration  of  NFj  in  the  HF  solution  is  pro¬ 
portional  to  the  NFj  pressure  above  the  solution,27  the  excess 
of  NF}  required  for  a  complete  reaction  can  be  minimized  by 
using  a  small  ullage  in  the  reactor.  This  results  in  a  high  NFj 
pressure  and  consequently  in  a  high  concentration  of  NFj  in 
the  HF  solution.  The  results  of  a  series  of  runs  are  summarized 
in  Table  I  and  demonstrate  that,  for  example  at  -31  °C  in  HF 
solution  at  an  NF3  pressure  of  1000  mm,  NF3  can  quantita¬ 
tively  be  oxidized  by  KrFSbF4  to  NF4SbF6  in  less  than  1  h. 

In  the  absence  of  yield  data  in  the  previous  report,25  it  was 
of  interest  to  examine  whether  NF4BF4  can  also  be  formed 
quantitatively  under  similar  conditions.  We  found  that  an 
equimolar  mixture  of  KrF2,  NFj,  and  BFj  in  anhydrous  HF. 
when  allowed  to  warm  slowly  from  -196  to  +25  #C  and  kept 
at  25  °C  for  3  h,  resulted  in  only  a  28.1%  yield  of  pure 
NF4BF4.  When  the  reaction  was  carried  out  at  -78  °C  for 
3  h,  the  yield  of  NF4BF4  (7.1%)  was.  contrary  to  the  NF,- 
KrFSbF6  system,  still  appreciable.  Without  the  use  of  HF  as 
a  solvent  and  at  ambient  pressure,  no  detectable  amounts  of 
NF4BF4  were  obtained  after  3  h  at  25  °C.  However,  as  stated 
above,  the  use  of  a  sevenfold  excess  of  NF3  at  45  atm  pressure 
and  gentle  heating  to  53  °C  for  4  days  resulted  in  a  31%  yield 
of  NF4BF4. 

In  view  of  the  known  tendency  of  TiF4  to  form  polyanion 
salts  with  (NF4)2TiF426  and  the  fact  that  the  vibrational  bands 
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(27)  Rewick,  R.  T.;  Tolbert,  W.  E ;  Hill.  M  E.  J  Chtm  Eng  Data  1970. 
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attributed  in  the  Russian  study19  to  TiF*1'  resemble  those  of 
a  polysmoo,2*  we  have  also  repeated  the  reaction  of  NF,  with 
KrF2  and  TiF4  in  the  same  2:2:1  mole  ratio  in  HF  solution 
at  room  temperature  for  3  h.  On  the  basis  of  the  observed 
material  balance,  our  solid  product  had  the  average  compo¬ 
sition  NF4TiF5-2.25TiF4.  The  presence  of  only  polytitanate 
anions  and  of  no  TiF*2*  was  confirmed  by  vibrational  spec¬ 
troscopy  (strongest  Raman  bands  at  79S  and  7SS  cm*1).  On 
the  basis  of  our  above  results  for  NF*SbF*  it  appears  safe  to 
predict  that  the  use  of  a  large  excess  of  NF,  and  particularly 
of  an  increase  in  the  NF}  pressure  and  concentration  should 
also  decrease  the  extent  of  polyanion  formation  in  the  N- 
F,-KrF2-Ti  F4  system. 

Attempts  to  prepare  the  unknown  OF,*AsF/  and  OF/- 
SbF/  salts  by  the  above  methods  (reaction  of  OF2  with 
KjFMF4  in  either  HF  solution  at  temperatures  as  low  as  -31 
*C  or  neat  in  a  nickel  cylinder  under  25  atm  of  OF,  pressure) 
produced  no  evidence  for  the  existence  of  these  salts. 

We  have  also  attempted  to  oxidatively  fluorinate  CF2NF2 
with  KrF*  salts  to  CF)NF3*  salts.  A  mixture  of  KrF2,  AsF,, 
and  CFjNF2  in  a  mole  ratio  of  1.86:1:5.62,  when  slowly 
warmed  in  a  nickel  reactor  from  -196  to  +50  #C,  produced 
NFj  and  CF4  as  the  main  products,  with  the  excess  of  CF,NF2 
being  decomposed  to  give  CF4  and  cis-  and  rranj-N2F2.  cis- 
N2F2  reacted  with  AsF,  to  form  solid  N2F*AsF/.a  Attempts 
to  moderate  this  reaction  by  using  preformed  KrFSbF*  and 
HF  as  a  solvent  resulted  again  in  an  oxidative  fluorination  of 
the  C-N  bond  with  CF4,  NF),  and  some  ira«-N2F2  as  the 
main  products.  However,  in  this  case  the  white  solid  product 
consisted  mainly  of  NF^bF^xSbF,. 

An  attempt  was  also  made  to  oxidize  the  C1F40~  anion2*-90 
with  preformed  KrFSbF4  la  anhydrous  HF  solution  at  -78  °C. 
The  reaction 

KrFSbF*  +  CsC1F40  +  HF  — 

CsSbF*  +  Kr  +F2  +  C1F20*HF/ 

was  observed.  This  result  is  not  surprising  since  CsC1F40  was 
shown  to  readily  undergo  solvolysis  in  HF 

CsC1F40  +  2HF  —  CsHF2  +  C1F20*HF/ 

and  because  the  CIF20*  cation  is  difficult  to  oxidize.19  Re¬ 
action  of  solid  KrFSbF*  with  CsC1F40  and  of  liquid  C1F30 
with  KrF,  also  did  not  result  in  oxidation  of  the  ClF40*  anion. 

Fhsochmtina  Reactions  with  PtF*  Since  gaseous  PtF*  does 
not  react  with  gaseous  NFj  at  ambient  temperature  to  any 
significant  extent,20  we  have  studied  this  reaction  in  HF  so¬ 
lution  without  irradiation  and  in  the  gas  phase  under  the 
influence  of  unfiltered  UV  irradiation.  In  both  cases,  the 
vibrational  spectra  of  the  solid  reaction  products  demonstrated 
the  formation  of  some  NF/  salts.  The  anions  in  these  salts 
were  not  very  well  defined  due  to  the  simultaneous  formation 
of  PtF;  and  possibly  lower  platinum  fluorides  and  their  in¬ 
teraction  with  PtF4'  to  form  polyanions.  Attempts  to  purify 
the  products  by  extraction  with  anhydrous  HF  were  unsuc¬ 
cessful. 

To  obtain  a  better  defined  sample  of  an  NF/  fluoropiatinate 
salt  for  comparison,  we  have  prepared  NF4PtF*  by  a  known, 
but  unpublished,  method.20  When  a  large  excess  of  F2  and 
NFj  was  used  and  the  reaction  was  carried  out  at  125  "C 
under  an  autogenous  pressure  of  about  140  atm.  NF4PtF*  was 
obtained  in  high  yield  according  to 

2NF,  +  F2  +  2PtF*  -  2NF4PtF6 


(28)  Chntic,  K  O  .  Wilton.  R  D  .  Stwodny.  W  J  Mo!  Struct  lf7|,  <t. 
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The  NF4PtF*  salt  is  a  stable  solid  that  shows  spectra  char¬ 
acteristic  for  tetrahedral  NF/ 17  and  octahedral  PtF/.15 

It  was  shown  that  the  known  oxidative  fluorination  of  C1F, 
to  C1F/  with  PtF/-9,19  can  also  be  carried  out  at  room  tem¬ 
perature  in  HF  solution  without  requiring  UV  irradiation: 

HF 

2C1FS  +  2PtF4  ClF/PtF/  +  CIF/PtF/ 

However,  attempts  to  prepare  BrF/PtF/  in  an  analogous 
manner  from  BrF3  and  PtF*  were  unsuccessful. 

Discussion 

Syntheses  of  Coordiaatbety  Saturated  Flaoro  Cations.  At 
present,  only  three  coord ina lively  saturated  fluoro  cations,  i.e. 
NF/,  CIF/,  and  BrF/,  are  known  to  exist.  They  can  be 
prepared  from  the  corresponding  lower  fluorides  by  one  or 
more  of  the  following  three  methods:  ( 1 )  oxidation  of  KrF* 
salts;  (2)  oxidation  by  PtF*;  (3)  oxidation  by  F2  in  the  presence 
of  a  strong  Lewis  acid  and  an  activation  energy  source. 

One  of  the  goals  of  this  study  was  to  examine  the  scope  of 
these  methods.  A  priori  one  would  expect  that  the  ease  of 
preparing  a  given  coordinatively  saturated  fluoro  cation  should 
increase  with  increasing  oxidizing  power  of  the  fluorinating 
agent  and  with  decreasing  oxidation  potential  of  the  desired 
coordinatively  saturated  fluoro  cation.  Although  the  oxidation 
potentials  of  the  three  coordinatively  saturated  fluoro  cations 
are  unknown,  a  comparison  with  those  of  either  the  isoelec- 
trottic  fluorides  CF4,  SF*,  and  SeF(  or  the  corresponding  oxo 
anions  in  the  same  oxidation  states,  i.e.  NO/,  CIO/,  and 
BrO/,  suggests  that  the  oxidation  potentials  should  increase 
in  the  order  NF/  <  C1F/  <  BrF/.  As  far  as  the  order  of 
oxidizing  power  of  KrF*.  PtF*  and  F2-Lewis  acid  combina¬ 
tions  is  concerned,  Sokolov  et  al.  have  shown  that  KrF*  can 
oxidize  PtF/  to  PtF*91  and  both  KrF*  and  PtF*  are  expected 
to  be  stronger  oxidizers  than  mixtures  of  F2  with  Lewis  acids. 
Therefore,  the  oxidizer  strength  should  increase  in  the  order 
F2-Lewis  acid  <  PtF*  <  KrF*. 

The  results  of  this  study  are  in  accord  with  these  predictions. 
Thus,  KrF*,  the  mast  powerful  oxidizer,  is  capable  of  oxidizing 
all  three  substrates,  NF,,  C1F,,  and  BrF,.  The  second  strongest 
oxidizer,  PtF*  can  still  fluorinate  NF,  and  CIF,,  whereas  the 
weakest  oxidizer,  the  Lewis  acid-F2  mixtures,  can  oxidize  only 
NFj.  These  results  show  that  the  preparative  methods  are 
transferable  from  one  coordinatively  saturated  fluoro  cation 
to  another,  provided  that  the  oxidant  is  powerful  enough  to 
oxidize  the  substrate.  Obviously,  secondary  effects  such  as 
the  possibility  of  high  activation  energy  barriers  and  compe¬ 
titive  side  reactions  might  also  be  important.  For  example, 
the  activation  energy  sources  used  in  the  F2- Lewis  acid  method 
can  cause  breakdown  of  CIF,  and  BrF,  to  F2  and  lower 
fluorides  with  the  latter  being  continuously  removed  from  the 
equilibrium  by  rapid  complexing  with  the  Lewis  acid.  For 
NF,,  such  a  side  reaction  is  not  effective,  and  the  F2-Lewis 
acid  method  is  therefore  well  suited  for  the  preparation  of 
NF/  salts. 

Formation  Mechanisms  of  Coordinatively  Saturated  Fluoro 
Cations.  Previous  reports7  have  been  concerned  almost  ex¬ 
clusively  with  the  formation  and  decomposition  mechanisms 
of  NF/  salts,  and  several  different  mechanisms  have  been 
proposed.  These  include  the  beterolytic  fission  of  fluorine2-92 
(mechanism  I),  the  dissociation  of  NF4AsF*  to  yield  unstable 

mechanism  I 

NF,  +  F^-F1*  +  AsF,  —  NF/AsF* 


(31)  Sokolov.  V  3  .  Drotoythevikii.  Y»  V  .  Pruiikov.  V  N  .  Rvihko*.  A 
V  .  Khorotkev.  S  S  OoH  Akai  Vault  SSSR  l»7*.  ”9.  641 

(32)  Ckrul*.  K  O  .  Guertin.  J  P  ,  Pivlaih.  A  E  US  Pitem  3  503  7I9. 
1970 
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NFj11  (mechanism  II),  the  formation  of  an  intermediate 
mechanism  II 

NF*AsF,  [NF,]  +  AsF, 

[NF,J  —  NFj  +  Fj 

strongly  oxidizing  Lewis  trid-F  radical14  (mechanism  III), 
mechanism  III 

F2  j=»  2f 

F  +  AsF,  -a  AsF* 

AsF*  +  NFj  «»  NF,+AsF*‘ 

NF,*AsF*-  +  F  s*  NF«+AsF,- 

the  formation  of  an  intermediate  NF*  radical7  (mechanism 
IV),  and  the  absorption  and  ionization  of  NFj  on  a  KrF*MF*~ 

mechanism  IV 

Fj  s*  2f 
F  +  NF,  sa  NF* 

NF*  +  AsFj  sa  NF,+AsF*- 
NF,+AsF»-  +  fa  NF*4AsF*‘ 
surface21  (mechanism  V).  For  the  formation  of  NF*4  salts 
mechanism  V 

NF,  +  KrF^SbF*'  —  (FJN*4~F*--.Kri+)4SbF*-  — 

NF*4SbF*-  +  Kr 

from  NFj,  Fj,  and  Lewis  acids,  the  importance  of  the  F2 
dissociation  step  and  of  NF,4  formation  has  previously  been 
experimentally  confirmed,34*35  thus  rendering  mechanisms  III 
and  IV  moat  likely.  Of  these  two  mechanisms,  mechanism 
IV  has  previously  been  preferred  by  us  because  the  formation 
and  decomposition  of  NF*4  salts  were  assumed  to  follow  the 
same  mechanism,  and  the  decomposition  of  NF*AsF*  is  sup¬ 
pressed  more  strongly  by  AsF,  than  by  NF,.7  However,  recent 
ab  initio  molecular  orbital  calculations34  have  provided  evi¬ 
dence  for  NF*  being  energetically  unfavorable,  and  the  for¬ 
mation  and  decomposition  of  NF*4  salts  do  not  necessarily 
proceed  by  the  same  mechanism.  These  considerations 
prompted  us  to  reconsider  our  previous  preference. 

The  results  of  the  present  study  confirm  that  NF*4  salts  can 
be  formed  from  NF,  and  Fj-Lewis  acid  mixtures,  KrF4  salts, 
or  PtF*.  Furthermore,  the  fact  that  the  reaction  of  KrF4  with 
NF,  not  only  proceeds  quantitatively  but  also  proceeds  at 
temperatures  (-31  to  -45  *C)  at  which  KrF^SbF,'  is  com¬ 
pletely  stable  rules  out  a  free-radical  mechanism  based  on  the 
decomposition  i  f  KrF,  to  Kr  and  F  atoms  and  supports  an 
ionic  mechanism  far  the  KrF4-NF,  reaction.  In  such  an  ionic 
mechanism.  NF,  is  oxidized  either  to  an  intermediate  NF,4 
radical  cation  or  directly  to  NF*4.  In  view  of  the  quantitative 
yields  of  NF*4  salts  and  our  failure  to  obtain  evidence  for  an 
intermediate  NF,4  radical  cation  in  these  KrF4  reactions  by 
ESR  spectroscopy,  the  direct  fluorination  to  NF*4  is  preferred. 
One  can  easily  envision  an  intermediate  activated  complex 
between  the  electrophilic  KrF4  cation  and  the,  albeit  weak, 
electron  donor  NF,.  which  could  readily  decompose  to  NF*4 
with  Kr  elimination. 

For  the  reactions  of  NF,  with  F, -Lewis  acid  mixtures  the 
requirement  for  an  activation  energy  source  capable  of  dis- 


(33)  Sotomon.  I  J  .  Keith.  1  N  .  Sneison.  A  J  Fluonne  Chem  1472.  2.  1 29 
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sociating  Fj,34  the  ESR  evidence  for  the  intermediate  formation 
of  the  NF,4  radical  cation,33  and  the  unlikely  formation  of  an 
NF*  radical34  favor  free-radical  mechanism  III.  For  the 
thermal  decomposition  of  NF*4  salts  which  are  derived  from 
stable  Lewis  acids,  mechanism  H  is  preferred  because  it  best 
explains  the  observed  strong  rate  suppression  by  the  Lewis 
acids.7 

Even  in  the  absence  of  experimental  data  it  appears  rather 
safe  to  propose  for  the  PtF*  oxidation  reactions  a  one-electron 
transfer  leading  to  NF,4PtF*~  as  an  intermediate,  which  is  then 
further  fluorinated  by  a  second  PtF*  molecule  to  NF*4.  Such 
a  mechanism  is  in  accord  with  the  rather  low  yields  of  NF*4 
salts  obtained  for  the  NF,-PtF*  system  and  has  previously  also 
been  proposed  for  the  C1F, -PtF,  system.13 

Considering  ail  the  experimental  evidence  presently  available 
for  the  formation  mechanisms  of  coordinatively  saturated 
complex  fluoro  cations,  it  appears  that  all  reactions  exhibit 
a  certain  commonality.  The  crucial  step  in  all  systems  appears 
to  be  the  reaction  of  a  powerful  one-electron  (PtF*  or  Lewis 
acid-F)  or  two-electron  (KrF4)  oxidizer  with  the  substrate 
(NF,,  C1F,,  or  BrF,)  resulting  in  an  electron  transfer  from 
the  substrate  to  the  oxidant,  with  a  simultaneous  (in  the  case 
of  KrF4)  or  subsequent  (in  the  case  of  PtF*  and  Lewis  acid-F) 
fluorination  of  the  intermediate  radical  cation  (NF,4,  C1F,4, 
BrF,4)  to  give  the  final  product  (NF*4,  C1F*4,  BrF*4).  Thus, 
the  mechanisms  of  the  three  presently  known  methods  for  the 
syntheses  of  NF*4  salts  might  be  written 

Lewis  acid-F,  system 


F  +  AsF,  — •  AsF* 

AsF*  +  NF,  —  NF,4AsF*- 
NF,+AsF*~  +  F  (or  AsF,)  —  NF*4AsF, 

PtF,  system 

NF,  +  PtF*  -  NF,4PtF*- 
NF,4PtF,-  +  PtF*  -  NF,4PtF*  -PtF, 

KrF4  system 

NF,  +  KrF'fSbF,"  —  [KrF—NF,J4SbF,‘ 

(KrF— NF,]4SbF*‘  —  NF,4SbF*'  +  Kr 

As  can  be  seen  from  these  equations,  an  ionic  oxidant  (KrF4) 
results  in  an  ionic  mechanism  and  a  radical  oxidant  (LAF  or 
PtF,)  in  a  radical  mechanism. 

If  in  the  Lewis  acid-F,  reactions  the  hard  base  NF,  is 
replaced  by  a  soft  base,  such  as  Xe,  the  reaction  can  proceed 
even  in  the  absence  of  an  activation  energy  source,  as  was 
demonstrated  by  Stein  for  the  Xe-Fj-SbF,  sysiem.37  Al¬ 
though  XeF4  is  not  a  coordinatively  saturated  cation,  this 
reaction  is  most  interesting.  Contrary  to  the  NF,-F,-Lewis 
acid  reactions,  it  probably  proceeds  as  a  two-electron  oxidation 
reaction  by  F2  and  therefore  might  be  considered  as  the  only 
presently  known  example  of  an  actual  heterolytic  fission  of 
fluorine  by  a  Lewis  acid  and  a  Lewis  base:33 

Xe~F4+-F*- — SbF,  -  XeF^SbF* 

The  lower  activation  energy  required  for  fluonnating  Xe. 
compared  to  that  for  NF,,  is  attributed  mainly  to  its  increased 
polarizability  (i.e.,  it  is  a  softer  base)  and  to  a  lesser  degree 
to  the  difference  in  their  ionization  potentials  ( IPNFl  *13  0 
eV,  IPXe  m  12.13  eV),  because  the  hard  base  O,  has  an  even 
lower  IP  of  12.06  eV  but  does  not  react  with  fluorine  and  a 

07)  Stem.  L  J  Fluorinr  Chem  l*il.  X.  65 


A- 5 


Lewis  acid  in  the  abaence  of  an  activation  energy  source. 

CwtMsa  Although  the  present  study  has  provided  us  with 
more  insight  into  the  formation  reactions  of  coordinatively 
saturated  complex  fluoro  cations,  and  particularly  into  those 
involving  the  use  of  KrF*  salts  as  an  oxidant,  there  is  a  definite 
need  for  more  experimental  and  theoretical  work  in  this  field 
to  further  establish  the  mechanisms  of  these  interesting  re¬ 
actions. 
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SUMMARY 

A  new  synthesis  of  FOCIO^  w as  discovered  involving  the 

fluorination  of  CIO^  with  CIF^  •  An  unexpected  oxygen 

abstraction  from  C1F.0  was  observed  when  CsCIF.O  was  reacted 

4  4 

with  F0S02F. 


INTRODUCTION 

We  would  like  to  report  two  interesting  reactions  observed 
during  our  studies  in  the  area  of  chlorine  oxyf luor ides .  The 
first  reaction  involved  the  low-temperature  metathesis  of 
ClF^AsFg  with  CsC104  in  anhydrous  HF  solution.  In  view  of  the 
known  NF^*  reaction  [1] 

U  IT 

NF.SbF.  ♦  CsClO.  CsSbFc  ♦  NF.C\0. 

46  4  -45  C  6  44 

NF.CIO.  ■  25  C  NF,  +  FOCIO, 

4  4  3  3 

it  was  interesting  to  study  whether  CIF^*  is  also  capable  of 
oxidizing  CIO^'  to  FOCIO^.  The  thermal  stability  of  CIF^CIO^ 
was  found  to  be  lower  than  that  of  NF^CxC^fl]  and  did  not 
permit  the  isolation  of  solid  CIF^CIO^  even  at  temperatures  as 
low  as  -45*C.  However,  the  corresponding  decomposition  products, 
FOCIO^  and  ClF^,  were  observed  in  good  yield. 
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clF6AsF6  ♦  CsC104  T4^- 


Cs As  Fg  +  [C1F6C104] 


[C1F6C104] 


■C1F5  +  F0C103 


Although  this  presents  an  alternative  synthetic  path  to  F0C10.., 
the  NF4  reaction  is  preferred  from  a  synthetic  point  of  view 
since  the  NF4SbFg  starting  material  is  more  readily  accessible 
[2]. 


The  second  reaction  involved  CsCIF.O  and  FOSO.F.  Fluorine 

4  2 

f luorosulfate  is  known  to  be  a  useful  reagent  for  the  synthesis 
of  hypof luorites  [3],  such  as 

CsTeF^O  +  FOSOjF  - •»  CsS03F  +  TeF,.OF 

For  CsC1F40,  however,  the  major  reaction  was  not  the  formation 
of  either  the  unknown  C1F40F  or  its  expected  decomposition 
products,  but  oxygen  abstraction  accompanied  by  S02F2  elimi- 
ation  according  to  the  following  reaction. 

cscif4o  +  foso2f - ■*-  cscif4  +  so2f2  +  o2 

Tnis  unexpected  reaction  path  might  be  rationalized  in  terms  of 

an  addition  of  FOSOjF  to  the  Cl-0  bond  in  one  of  the  favored 

resonance  structures  of  C1F.0  [4],  followed  by  an  intramolecular 

*  1 

nucleophilic  substitution  (SN  )  reaction  accompanied  by  C>2 
and  S02 F2  eliminations 


To  our  knowledge,  this  is  the  first  example  of  a  reaction  in 
which  FOSOjF  acts  as  a  deoxygenating  agent. 
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EXPERIMENTAL 

Apparatus  Volatile  materials  were  handled  in  a  stainless 
steel-Teflon  FEP  vacuum  line  [51.  The  line  and  other  hardware 
used  were  well  passivated  with  ClF^  and,  if  HF  was  to  be  used, 
with  HF.  Nonvolatile  materials  were  handled  in  the  dry  nitrogen 
atmosphere  of  a  glovebox.  Metathetical  reactions  were  carried 
out  in  HF  solution  using  a  previously  described  apparatus  [6]. 

Infrared  spectra  were  recorded  on  a  Perkin  Elmer  Model  283 
spectrophotometer.  Spectra  of  solids  were  obtained  using  dry 
powders  pressed  between  AgCl  windows.  Spectra  of  gases  were 
obtained  by  using  a  Teflon  cell  of  5  cm  path  length  equipped 

with  AgCl  windows.  Raman  spectra  were  recorded  on  a  Cary 

o 

Model  83  spectrophotometer  using  the  4880-A  exciting  line  of 
an  Ar-ion  laser. 

Materials  Literature  methods  were  used  for  the  syntheses 
of  ClF^AsFg [ 7 ] ,  CsClF^O[ 8 1  and  F0S02F[9]  and  for  the  drying  of 
the  HF  solvent  [10].  The  CsC104  (ROC/RIC)  was  used  as  received. 

Reaction  of  ClF^AsF^  with  CsClO^.  In  the  drybox  C1F6AsF6 
(0.318  mmol)  and  CsClO^  (0.304  mmol)  were  placed  into  the 
bottom  U-tube  of  the  metathesis  apparatus  (6).  On  the  vacuum 
line,  dry  HF  (1.1  ml  of  liquid)  was  added  at  -78*C.  The  resulting 
mixture  was  agitated  at  -45*C  for  1.5  hr  and  then  filtered  at 
-78*C  through  a  porous  Teflon  filter  while  the  filtrate  was 
collected  at  -45*C.  All  material  volatile  at  -45*  was  pumped 
off  for  2.5  hr  and  separated  by  fractional  condensation  through 
a  series  of  traps  kept  at  -126,  -142  and  -196’C.  The  -126* 
trap  contained  the  HF  solvent  and  a  small  amount  of  FC1C>2,  the 
-142*  trap  contained  a  mixture  of  FOCIO^  and  C1F5  (0.445  mmol), 
and  the  -196*  trap  contained  FC103  (0.128  mmol).  Essentially 
no  filtrate  residue  was  left  behind.  The  white  solid  filter 
cake  (106  mg,  weight  calcd  for  0.304  mmol  of  CsAsF^  98  mg)  was 
identified  by  infrared  and  Raman  spectroscopy  as  CsAs  F6.  The 
FC10.J  formed  in  the  above  reaction  is  attributed  to  decompo¬ 
sition  of  a  small  amount  of  FOCIO^.  For  a  larger  scale  reaction, 
the  percentage  of  FCIO^  in  the  product  is  expected  to  decrease 
significantly. 
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Cautiqn!  Fluorine  perchlorate  is  highly  shock  sensitive 
[111  and  proper  safety  precautions  must  be  taken  when  working 
with  this  material. 

Reaction  of  CsClF^O  with  FOSO^F  In  the  dry  box  CsClF^O 
(2.24  mmol)  was  placed  into  a  10  ml  stainless  steel  cylinder. 

On  the  vacuum  line  FOSOjF  (4.97  mmol)  was  added  to  the  cylinder 
at  -196*C.  The  cylinder  was  kept  at  0*C  for  3  days,  then  cooled 
to  -196*C.  Oxygen  (2.23  mmol)  was  pumped  off  at  -196*C,  and 
all  material  volatile  at  ambient  temperature  was  separated  by 
fractional  condensation  through  traps  kept  at  -112,  -142,  and 
-196*C.  The  -112*  trap  contained  small  amounts  of  CIF^O,  FC102 
and  ClFj.  The  -142*  trap  contained  F0S02F  (2.6  mmol)  and  S02F2 
(1.7  mmol),  and  the  -196*  trap  showed  SOjFj  (0.52  mmol).  The 
white  solid  residue  showed  a  weight  loss  of  39  mg  ( calcd  weight 
loss  for  1.12  mmol  of  02  36  mg)  and  was  identified  by  infrared 
and  Raman  spectroscopy  as  CsClF^  112)  containing  a  small  amount 
of  CsSO-jF. 
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The  salts  ODj*AsF»",  OD3*SbF»",  and  partially  deuterated  OH)*SbF4"  were  prepared  and  characterized  by  X-ray  and 
neutron  diffraction  techniques,  DSC  measurements,  and  vibrational  spectroscopy.  At  room  temperature,  OH,*AjF4~  exists 
in  a  plastic  phase  where  ions,  centered  on  the  atomic  positions  of  the  NaCl  structure,  are  in  motion  or  oscillation.  No 
valuable  information  on  atomic  distances  or  angles  in  OHj^AiF,'  could  be  obtained  due  to  these  dynamic  structural  disorder 
problems.  For  OH)*SbFt*  the  phase  transition  from  an  ordered  to  a  disordered  phase  was  shown  to  occur  above  room 
temperature.  The  room-temperature  phase  can  be  described  by  an  ordered  hydrogen-bonded  model  based  on  a  CsCI  type 
structure.  Vibrational  spectra  were  recorded  for  these  oxonium  salts  and  confirm  the  presence  of  the  different  phases  and 
phase  transitions.  Improved  assignments  are  given  for  the  OH]*  and  ODj*  cations,  and  the  OH— FM  bridge  stretching 
mode  and  some  of  the  bands  characteristic  for  ODjH*  and  ODH2*  were  identified.  A  modified  valence  force  field  was 
calculated  for  OH}*,  which  is  in  good  agreement  with  the  known  general  valence  force  field  of  isoclectronic  NH,  and  values 
obtained  by  ab  initio  calculations.  From  the  OH— FM  stretching  mode,  the  hydrogen-bridge  bond  strength  was  found  to 
be  1.77  kcal  mol"1. 


Introduction 

Although  the  existence  of  oxonium  salts  at  low  temperature 
had  been  well  known  for  many  years,  the  synthesis  of  sur¬ 
prisingly  stable  OH)*  salts  containing  the  AsF4"  and  SbF6" 
anions  has  been  reported4  only  in  1975.  Since  then,  numerous 
papers  have  been  published  on  other  OH)*  salts  containing 
complex  fluoro  anions  such  as  UF6",!  BiF6",‘  IrF*',  PtF6", 
RuF6",7j  TiFj"  *  or  BF/.10  In  these  oxonium  salts  the  cations 
and  anions  are  strongly  hydrogen  bonded,  as  shown  by  the 
short  O-F  distances  of  2.51-2.61  A  found  by  X-ray  diffraction 
studies.*,1#  Since  the  nature  of  these  hydrogen  bridges  is 
strongly  temperature  dependent,  these  oxonium  salts  show 
phase  transitions  and  present  interesting  structural  problems. 
In  this  paper  we  report  unpublished  results  accumulated  during 
the  past  8  years  in  our  laboratories  for  these  oxonium  salts. 
Experimental  Section 

Materials  a mi  Apparatus.  Volatile  materials  used  in  this  work  were 
manipulated  in  a  well-passivated  (with  C1F)  and  HF  or  DF)  Monel 
Teflon  FEP  vacuum  system."  Nonvolatile  materials  were  handled 
in  the  dry-nitrogen  atmosphere  of  a  glovebox.  Hydrogen  fluoride 
(Matheson  Co.)  was  dried  by  storage  over  BiF}.‘  SbF)  and  AsFs 
(Ozark  Mahoning  Co.)  were  purified  by  distillation  and  fractional 
condensation,  respectively,  and  DF  (Ozark  Mahoning  Co.)  and  D20 
(99.6%,  Volk)  were  used  as  received.  Literature  methods  were  used 
for  the  preparation  of  OjAsF»,12  OH,SbF»,  and  OHjAsF4.‘ 
Infrared  spectra  were  recorded  on  a  Perkin- Elmer  Model  283 
spectrometer,  which  was  calibrated  by  comparison  with  standard  gas 
calibration  points.12'14  Spectra  of  solids  were  obtained  by  using  dry 
powders  pressed  between  AgCl  or  AgBr  windows  in  an  Econo  press 
(Barnes  Engineering  Co.).  For  low-temperature  spectra,  the  pressed 
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(3)  University  of  Leicester. 

(4)  Christe,  K.  O.;  Schick,  C.  J.;  Wilson.  R.  D.  Inorg.  Chem.  1975,  14, 
2224. 

(5)  Masson,  i.  P.;  Desmoulin.  3.  P  ;  Charpin.  P  ,  Bougon,  R.  Inorg.  Chem. 
197*.  IS,  2529 

(6)  Christe,  K.  O ;  Wilson.  W  W;  Schick.  C  i.  J  Fluorine  Chem.  1978. 
II.  71. 

(7)  Sclit.  H.;  Sunder,  W  A.;  Diialvo,  F  A.;  Falconer,  W.  E.  J.  Fluorine 
Chem.  1978,  II,  39 
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(11)  Christe,  K.  O;  Wilson,  R  D  .  Schack,  C  J  Inorg  Synth.,  in  press. 

(12)  Shamir.  J.;  Binenboym.  J.  Inorg  Chim  Acta  19*8,  2,  37. 
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Stand.,  Sect  A  19*0.  64.  841 
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Wavenumbers  for  the  Calibration  of  Infrared  Spectrometers*;  Butter- 
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stiver  halide  disks  were  placed  in  a  copper  block  cooled  to  -196  °C 
with  liquid  N2  and  mounted  in  an  evacuated  10-cm  path  length  cell 
equipped  with  Csl  windows. 

Raman  spectra  were  recorded  on  a  Cary  Model  83  spectropho¬ 
tometer  using  the  4880- A  exciting  line  and  a  Claasaen  filter"  for  the 
elimination  of  plasma  lines.  Sealed  quartz  tubes  were  used  as  sample 
containers  in  the  transverse-viewing,  transverse-excitation  technique. 
The  low-temperature  spectra  were  recorded  with  a  previously  de¬ 
scribed14  device. 

A  Perkin- Elmer  differential-scanning  calorimter.  Model  DSC-1 B. 
equipped  with  a  Liqmd-Nj-cooted  low-temperature  assembly,  was  used 
to  measure  phase  transitions  above  -90  *C.  The  samples  were  crimp 
sealed  in  aluminum  pans,  and  a  heating  rate  of  5“ /min  in  N2  was 
used.  The  instrument  was  calibrated  with  the  known  melting  points 
of  n-octane,  water,  and  indium. 

The  neutron  powder  diffraction  patterns  of  OH)*AsFt",  OD)*AsFs~, 
and  02*AsF4"  were  measured  at  Sactay  on  the  research  reactor  EL3 
with  X  m  1.140  A  for  20  ranging  from  6  to  44#.  The  data  for 
OD)*SbF4"  were  recorded  at  ILL  Grenoble  with  X  ■  1.2778  A  for 
20  ranging  from  1 2  to  92*  with  400  measured  values  of  intensity 
separated  by  0.10*. 

The  X-ray  powder  diffraction  patterns  were  obtained  from  samples 
sealed  in  0.3-mm  Lindemann  capillaries  with  a  1 14.6-mm  diameter 
Philips  camera  using  Ni-filtered  Cu  Ka  radiation.  Low-temperature 
diagrams  were  measured  with  a  jet  of  cold  N2  to  cool  the  sample  and 
a  Meric  MV3000  regulator. 

The  single  crystal  of  OH)*SbFt"  was  isolated  as  a  side  product  from 
the  reaction  of  M0F4O  and  SbFs  in  a  thin-walled  Teflon  FEP  reactor 
with  H20  slowly  diffusing  through  the  reactor  wall. 

Preparation  of  OD/AiF,".  A  sample  of  D20  (987.5  mg.  49  30 
mmol)  was  syringed  in  the  drybox  into  a  J/4-in.  Teflon  FEP  ampule 
equipped  with  a  Teflon-coated  magnetic  stirring  bar  and  a  stain- 
less-steel  valve.  The  ampule  was  connected  to  a  Monel  Teflon  vacuum 
line,  cooled  to  -196  “C,  and  evacuated,  and  DF  ( 10  g)  was  added 
The  mixture  was  homogenized  at  room  temperature,  and  AsFs  (57 .7 
mmol)  was  added  at  -196  *C.  The  mixture  was  warmed  to  -78  °C 
and  then  to  ambient  temperature  for  I  b  with  agitation.  All  material 
volatile  at  ambient  temperature  was  pumped  off  for  2  h.  leaving  behind 
a  white  solid  residue  (10.408  g;  weight  calculated  for  49  30  mmol 
of  OD)*AsF4'  10.402  g)  identified  by  IR  spectroscopy  as  mainly 
OD)*AsF4"  containing  a  small  amount  (less  than  1%)  of  OD2H*AsF6‘ 
as  impurity. 

Preparation  of  OD)*SbFt~.  Antimony  pentafluoridc  (18.448  g. 
85.1 1  mmol)  was  added  in  the  drybox  to  a  2/4-in.  Teflon  FEP  ampule 
equipped  with  a  Teflon-coated  magnetic  stirring  bar  and  a  stain¬ 
less-steel  valve.  The  ampule  was  connected  to  the  vacuum  line,  cooled 
to  -78  *C.  and  evacuated,  and  DF  (23.1  g)  was  added.  The  mixture 
was  homogenized  at  room  temperature.  The  ampule  was  cooled  inside 
the  drybox  to  -196  *C,  and  D20  (1.6951  g,  84  63  mmol)  was  added 
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with  a  syringe.  The  mixture  was  agitated  for  several  hours  at  23  *C, 
and  all  material  volatile  at  43  *C  was  pumped  off  for  14  h.  The  white 
solid  residue  (21.917  g;  weight  eaten  la  ted  for  84.63  mmol  of  OD,*- 
SbF,'  21.813  g)  was  identified  by  spectroscopic  methods  as  mainly 
OD,*SbF,'  containing  a  mail  amount  (lees  than  1%)  of  OD,H*SbF*'. 

Prepare  den  ef  Pardaly  Dewserased  OH,*SbF»'.  A  sample  of 
OH,*SbF*"  (10016  g.  7.837  nunoi)  was  dimohed  in  liquid  DF  (101 2 
g.  95.81  mmol)  in  a  Teflon  ampule  for  1  h.  All  volatile  material  was 
pumped  off  at  45  *C  for  3  h.  leaving  behind  a  white  solid  residue  (2.020 
g.  weight  calculated  for  7.857  mmol  of  OD,*SbF4‘  2.0252  g)  that 
on  the  basis  of  its  vibrational  spectra  showed  about  equimolar  amounts 
of  OO)*  and  OD,H*  and  smaller  amounts  of  ODH,*SbF,~  (calculated 
statistical  product  distribution  for  19.74%  H  and  80.26%  D  (mol  %): 
OD,*.  51.68;  OD2H*.  38.16;  ODH,*,  9.33;  OH,*,  0.77). 

Results  and  Dine— Ion 

Sythenea  aud  Properties  of  Deutaratad  Oxonfcm  Snha.  The 

OD,*  salts  were  prepared  by  the  same  method  as  previously 
reported4  for  the  corresponding  OH,*  salts,  except  for  re¬ 
placing  HjO  and  HF  by  02O  and  DF,  respectively. 

D20  +  DF  +  MF,  ODj+MF»-  M  -  As,  Sb 

The  yields  are  quantitative,  and  the  samples  were  almost 
completely  deuterated.  The  small  amounts  of  OD2H*  observed 
in  the  infrared  spectra  and  to  a  lesser  degree  in  the  Raman 
spectra  of  the  products  (see  below)  are  attributed  to  small 
amounts  (0.6%)  of  H20  in  the  DzO  starting  material  and  to 
exchange  with  traces  of  moisture  during  the  preparation  of 
the  IR  samples.  A  partially  deuterated  sample  of  OH,*SbF4' 
was  prepared  by  treating  solid  OH,*SbF4“  with  an  excess  of 
DF. 

OH,*SbF4‘  +  «DF  —  OH^D/SbF*-  +  nHF 

The  exchange  appeared  to  be  fast,  and  the  product  exhibited 
the  correct  statistical  OD,*,  OD2H*,  ODH2*,  and  OH,* 
distribution  based  on  the  H:D  ratio  of  the  starting  materials. 
As  exported,  the  physical  properties  of  the  deuterated  oxonium 
salts  were  practically  identical  with  those4  of  the  corresponding 
OH,*  salts. 

DSC  Data.  Since  the  neutron  and  X-ray  diffraction  data 
suggested  (see  below)  that  at  room  temperature  OH,SbF4  is 
ordered  whereas  OHjAsF*  exists  in  a  plastic  phase,  low-tem¬ 
perature  DSC  data  were  recorded  to  locate  the  corresponding 
phase  changes  for  each  compound. 

The  OD,AsF*  salt  exhibited  on  warm-up  from  -90  *C  a 
large  endothermic  phase  change  at  2.5  *C  that  was  shown  to 
be  reversible,  occurring  at  -7.5  *C  on  cooling.  For  OH,AxFj 
this  phase  change  was  observed  at  practically  the  same  tem¬ 
peratures.  No  other  endotherms  or  exotherms  were  observed 
between  -90  °C  and  the  onset  of  irreversible  decomposition. 
The  observed  phase-change  temperatures  are  in  excellent 
agreement  with  those  found  by  low-temperature  Raman 
spectroscopy  (see  below). 

For  OH,SbFs  three  small  endotherms  at  20, 49,  and  8 1  *C 
and  a  large  endothermic  phase  change  at  100  °C  were  ob¬ 
served  on  warming.  All  of  these  were  reversible,  occurring 
at  19,  42,  77,  and  96  *C,  respectively,  on  cooling.  For 
OD,SbF(  the  corresponding  changes  were  observed  at  20, 48, 
82,  and  100  *C  on  warming  and  20,  43,  74,  and  76  #C  on 
cooling.  Again  no  other  heat  effects  were  observed  in  this 
temperature  range.  The  temperature  differences  observed  for 
phase  changes  between  the  heating  and  cooling  data  are  at¬ 
tributed  to  hysteresis,  which  normally  is  a  problem  in  salts  of 
this  type.17  The  smaller  heat  effects  observed  for  OH,SbF4 
below  the  major  order-disorder  phase  transition  may  be  at¬ 
tributed  to  damping  of  rotational  motions  of  the  ions,  similar 
to  those  found  for  02AsF4.17 


(17)  Griffith*.  J.  E.;  Sumter.  W.  A.  J  Chtm.  Pkyi  1SSZ  77,  1087. 


Table  I.  X-ray  Diffraction  Powdet  Pattern  of  OH,Asf  , 
at -153  *C 
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Table  II.  Neutron  Diffraction  Powder  Patterns  of  the 
Face-Centered  Cubic.  Room-Temperature  Phases  of  OH,AsF,. 
OD,AsF,,  and  0,AsF,® 
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4  Intensities  in  arbitrary  units. 

For  OH,BiF*  no  phase  transitions  were  observed  between 
-90  °C  and  the  onset  of  decomposition. 

S  true  tarsi  Studies 

OHjAsFf  As  previously  reported.4  this  compound  is  cubic 
at  room  temperature,  and  a  cell  parameter  of  8.043  (8)  A  was 
found  in  this  study  from  X-ray  powder  data.  It  exhibits  only 
one  phase  transition  at  -2  ±  5  *C  (based  on  DSC  and  Raman 
data)  in  the  temperature  range  from  -90  “C  to  its  decompo¬ 
sition  point.  The  X-ray  powder  pattern  at  -153  °C  is  given 
in  Table  I  and  indicates  a  lowering  of  the  symmetry  in 
agreement  with  the  low-temperature  vibrational  spectra  (see 
below).  Attempts  to  index  the  pattern  were  unsuccessful. 

It  is  interesting  to  compare  X-ray  powder  diffraction  pat¬ 
terns  of  OH,AsF*  and  02AsF4.  Whereas  their  room-tem¬ 
perature  patterns4- l2- 11  and  cell  parameters  are  for  practical 
purposes  identical,  their  low-temperature  patterns  (Table  I  and 
ref  19)  are  very  distinct  due  to  different  ion  motion  freezing 
Since  OH,*,  OD,*,  and  02*  are  weak  X-ray  scatterers,  but 
contribute  strongly  to  the  neutron  scattering,  neutron  dif¬ 
fraction  powder  patterns  were  also  recorded  at  room  tem¬ 
perature  for  their  AsF4‘  salts  (see  Table  II).  As  expected, 
the  cell  dimensions  were  for  practical  purposes  identical,  but 
the  observed  relative  intensities  were  very  different. 

Attempts  were  made  to  obtain  structural  information  from 
the  room-temperature  neutron  diffraction  powder  patterns  of 
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OHjAsF*  and  ODjAiF,.  It  was  shown  that  the  unit  cell  is 
indeed  face-centered  cubic  and  that  an  alternate  solution.4  a 
primitive  cubic  CsPF*  structure,  can  be  ruled  out  for  both 
compounds.  The  number  of  observed  peaks  is  rather  small, 
but  the  respective  intensities  due  to  the  substitution  of  hydrogen 
by  deuterium  (scattering  lengths  “  -0  374  and  bp  “  0 .667) 
are  very  different  (Table  II).  The  rapid  vanishing  of  intensities 
at  large  diffraction  angles  and  the  presence  of  a  bump  in  the 
background  level  implying  a  short  distance  order  are  char¬ 
acteristic  of  plastic  phases  with  ions  in  motion.  The  only 
models  that  could  be  tested  to  describe  such  a  motion  have 
been  tried  successively. 

The  first  one  is  a  disordered  model  with  statistical  occupancy 
factors  for  fluorine  atoms  and  hydrogen  atoms  in  the  Fmi 
symmetry  group.  This  corresponds  to  four  equivalent  positions 
of  the  octahedra  around  the  fourfold  axes,  and  to  eight  pos¬ 
itions  for  the  OH)*  ion.  With  use  of  the  intensities  observed 
for  OH,AsFt.  the  solution  refines  to  R  ■  0.047  but  is  not 
considered  acceptable  because  the  resulting  distances  As-F 
■  1.58  A  and  O-H  *  0.82  A  are  too  short  when  compared 
to  As-F  -  1.719(3)  Ain  KAsF,10  and  O-H  -  1.011  (8)  A 
in  OH,>CH,C.H4SO,-.2' 

The  second  one  is  a  rotating  model  that  places  As  at  the 
0.  0.  0  position  connected  to  fluorines  by  a  complex  term 

+  6bf((sin  x)/x]  x  ■  4*rF(sin  8)/\ 

and  O  at  the  '/2,  '/j.  ' h  position  connected  to  H  atoms  by 
bQ  +  3bH[(sin  x)/x]  x  ■  4*rH(sin  9)/\ 

where  6*,.  bF.  b^  and  bH  are  the  scattering  lengths  of  As.  F. 
O,  and  H,  respectively.  The  As-F  distance,  rf,  and  the  O-H 
distance,  rH,  are  the  only  unknowns  with  the  scale  factor  of 
the  structure.11  The  best  results  (R  “  0.059)  are  obtained 
with  the  combination  As-F  *  1.59  A  and  O-H  ■  0.81  A.  not 
so  different  indeed  from  the  first  model. 

For  OD)AiFt,  the  second  model  gives  more  plausible  dis¬ 
tances,  As-F  “  1  65  A  and  O-D  “  1 .01  A  with  R  ■  0.054. 
if  the  intensity  of  the  200  reflections  is  arbitrarily  lowered  by 
20%.  with  the  excessive  intensity  being  assumed  to  be  due  to 
preferential  orientation. 

On  the  basis  of  the  short  distances  found  for  OHjAsF4,  we 
can  consider  that  the  real  structure  is  probably  not  properly 
accounted  for  by  either  one  of  the  models,  due  to  the  motion 
of  the  ions,  which  is  not  correctly  simulated  as  for  other  plastic 
phases. 

OHySfcF*.  On  the  basis  of  the  DSC  data  (see  above),  the 
transition  from  an  ordered  to  a  disordered  phase  occurs  at  88 
3c  12  °C.  The  existence  of  an  ordered  phase  at  room  tem¬ 
perature  for  OHjSbF*  and  its  deuterated  analogues  was 
confirmed  by  the  diffraction  studies.  The  X-ray  powder 
diffraction  pattern,  which  originally  had  been  read  backwards 
due  to  very  intense  back-reflections  and  indexed  incorrectly 
as  tetragonal,4  is  listed  in  Table  III.  By  analogy  with  a  large 
class  of  other  MF*~  compounds  such  as  02PtF6u  and  O-SbF*,14 
the  OH)SbF(  pattern  can  be  indexed  for  a  cubic  unit  cell  with 
a  -  10.143  (3)  A  (CEN)  data  or  10.090  A  (Rocketdyne  data). 
The  cell  dimensions  were  confirmed  by  a  single-crystal  X-ray 
study  at  Leicester  (see  below)  that  resulted  in  a  *  10.130  (8) 
A.  Although  all  of  the  observed  X-ray  reflections  obey  the 
conditions  (b  +  k  +  I  ■  2n  and  Okl  where  k.  I  ■  2n)  for  space 
group  Ia2,  the  neutron  diffraction  data  (see  below)  suggest 
a  lower  symmetry  subgroup  such  as  /2, 3.  In  the  following 

(20)  Gafaer.  G  ,  Kruger,  G.  J  Ada  Crystallogr  ,  Sad.  B  Sirud  Cm- 
tailor  Cry  a.  Cham  1*74.  BJO.  250 

(21)  Lundgrtn.  J  O  .  Willunu,  J  M  J  Cham.  Phyi  1*73.  5S.  788 

(22)  atl  program  written  by  G  Langlet 

(23)  (ban.  3.  A .  Hamilton.  W  C  J  Cltem  PMys  ISM.  44.  1748 

(24)  McKaa,  D  E..  Bartlett.  N  Inorg  Cham  1*73.  12.  2738 
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Tabic  III.  Room-Temperature  X-ray 
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paragraphs  the  results  obtained  for  the  ordered  cubic,  room- 
temperature  phase  of  OH3SbF6  are  discussed  in  more  detail 
Single-Crystal  X-ray  Study.  The  OH,SbF,  single  crystal 
had  the  approximate  dimensions  0  46  x  0.35  x  0  22  mm  and 
was  sealed  in  a  Pyrex  capillary  Preliminary  cell  dimensions 
were  obtained  from  Weissenberg  and  precession  photographs 
The  final  value  for  the  unit  cell  parameter  was  determined 
from  the  optimized  counterangles  for  zero-layer  reflections  on 
a  Stoe  Weissenberg  diffractometer  The  data  were  collected 
for  layers  Okl  to  6kl  of  the  aligned  pseudotetragonal  cell,  using 
the  Stoe  Stadi-2  diffractometer,  in  the  four  quadrants  h.±k.±l 
and  an  w-scan  technique  with  graphite-monochromaied  Mo 
Ka  radiation.  The  intensities  of  reflections  with  0  086  «  (sin 
8)/\  <  0.702  A'1  were  collected  and  a  total  of  7 19  reflections 
obtained  with  l/o(I)  >  3  Check  reflections  were  monitored 
during  the  data  collection  of  each  layer,  and  no  deterioration 
of  the  crystal  was  indicated.  Lorentz  and  polarization  cor¬ 
rections  were  made  to  the  data  set 
The  program  system  shelx15  was  used  to  solve  the  structure 
Neutral  scattering  factors  were  used  with  anomalous  dispersion 
coefficients.  Three  cycles  of  least-squares  refinement  with 
antimony  at  <72.7j.7i>  in  the  space  group  la 3  gave  an  R 
factor  of  0.27  The  Fourier  difference  map  located  a  9  e  A  ' 
peak,  assumed  to  be  oxygen,  on  the  position  ('  4. 1  4.  1  4),  with 
two  sets  of  possible  fluorine  octahedra  each  at  I  90  A  from 
Sb.  Three  cyles  of  refinement  with  the  oxygen  atom  included 
reduced  the  R  factor  to  0.22  The  inclusion  of  either  of  the 
sets  of  F  atoms  about  Sb,  with  all  atoms  refining  isotropically, 
resulted  in  a  reduced  R  factor  of  0  13;  however,  the  refinment 
cycles  moved  the  F  atoms  to  >2.0  A  from  Sb  The  inclusion 
of  fluorine  atoms  also  resulted  in  a  more  complex  difference 
Fourier  map.  with  several  peaks  ^3  e  A‘*  remaining  The 
alternate  fluorine  atom  positions  indicated  were  refined  in 
partially  occupied  sites,  initially  adjusting  the  site  occupation 
factors  and  then  their  temperature  factors  The  resultant  R 
factor  of  0. 1 2  was  not  significantly  less  than  with  cither  ordered 
structure;  one  of  the  partial  fluorine  atoms  refined  to  a  position 

(25)  Sheidnck.  G  M  "SHELX.  A  Program  for  Structure  Determination" 
University  of  Cambridge  Cambridge.  England,  I9"6 


Oxofiium  Hexafluoroarsenateal  V)  and  -antimonatcs(V) 


TaMa  (V.  Final  Atomic  Pontional  and  Thar  mat  Parameter!  (with 
Erf'i  ui  Parentheeei)  for  OH,SbF,  from  X-ray  Data 
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0.5 

05  00205 
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Table  V.  X-ray  and  Neutron  Powder  Pattern!  of  OD.SbF 
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2.2  A  from  Sb.  and  further  possible  fluorine  sites  appeared 
in  the  Fourier  map.  Refinement  of  various  models  with  either 
ordered  fluorine  atoms  or  disordered  atoms  constrained  to  be 
1 .86  (3)  A  from  antimony  did  not  improve  the  R  factor  or  the 
residual  Fourier  map.  Accordingly,  the  F  atom  parameters 
given  in  Table  IV  represent  an  ordered  solution  in  la},  the 
actual  F  atom  chosen  was  that  which  remained  at  the  expected 
distance  from  antimony  during  the  various  trial  refinements. 
This  represents  an  incomplete  solution,  as  there  are  residual 
peaks  at  Sb-F  distances  in  the  final  Fourier  difference  map. 
This  is  reflected  in  the  structure  factors,  where  agreement 
between  |FJ  and  |Fj  it  good  for  even.  even,  even  reflections 
with  dominant  contributions  by  the  antimony  and  oxygen 
atoms  but  poor  for  odd,  odd,  even  reflections,  which  are  de¬ 
pendent  only  upon  the  fluorine  (and  hydrogen)  atom  param¬ 
eters.  Final  residual  indices  for  I 55  unique  reflections  are  R 
-  0  119  and  R,  -  0.131. 

Neutron  Powder  Diffraction  Study.  For  ODjSbFj,  46  re¬ 
flections  were  observed  (see  Figure  I )  out  of  which  4  could 
not  be  indexed  on  the  basis  of  the  cubic  cell  and  are  attributed 
to  an  unidentified  impurity  (mainly  lines  at  3.269,  2.233,  and 
2  225  A)  The  list  of  observed  reflections  is  given  in  Table 
V  in  comparison  with  X-ray  data.  The  cell  parameter  is  10.1 16 

(6)  A. 

The  Rietveld  program  for  profile  refinement26  was  used  to 
solve  the  structure.  The  first  refinement  was  attempted  in  the 
la}  space  group  starting  from  the  X-ray  values  for  Sb,  O,  and 
F  and  adding  approximate  values  for  D,  with  the  OD)*  ion 

(26)  RietveUJ.  H  M  J  Appt  Crystallogr  If*#,  2.  65 
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Flpa*!.  Neutron  powder  diffraction  diagram  of  OD,SbFt  at  ambient 
temperature;  traces  A  and  B,  observed  and  calculated  profiles,  re¬ 
spectively. 

being  disordered  on  two  equivalent  positions  (occupancy  factor 
'  h  of  general  positions  x,  y,  z).  The  system  refined  to  R  * 
0.135  with  the  following  parameters: 

atom  x  y  z  B.  A1 

Sb  0.5  0.5  05  0.94(25) 

O  0.25  0.25  0.25  4  87(41) 

F  0441(6)  0.604(6)  0.641(7)  2  88(13) 

D  0.300(1)  0.317(1)  0.204(1)  2.98(27) 

The  y  and  z  coordinates  of  the  fluorine  atom  have  been  per¬ 
muted,  probably  due  to  the  choice  of  the  coordinates  of  deu¬ 
terium.  The  atomic  distances  and  angles  are  then 

dist,  A  dist,  A  angle,  deg 

Sb-F  1.87  O-D  0.96  DOD  108 

O-F  2.67  D-D  1.56 

which  compare  relatively  well  with  the  X-ray  values  of  Table 
IV.  At  this  stage,  our  attention  was  drawn  to  the  presence 
of  a  weak  but  well-isolated  line  at  an  angle  6  high  enough  not 
be  be  attributed  to  the  impurity.  This  line  corresponded  to 
a  730  reflection,  a  forbidden  reflection  in  the  space  group  la 3 
(hkO\  h,  k  m  In).  In  view  of  a  similar  observation  for  the  cubic 
phase  of  KSbF(  (II)  (in  this  case  the  310  reflection),27  the 
trouble  with  locating  the  fluorine  atoms  by  difference  X-ray 
syntheses,  and  mainly  the  incompatibility  of  the  group  la}  with 
the  observed  Raman  and  IR  spectra  (see  below),  we  considered 
the  possibility  of  an  ordered  structure  in  a  subgroup  of  the  la} 
space  group,  first  the  noncentrosymmetric  / 2,3  space  group 
(No.  199). 

Since  the  symmetry  center  does  not  exist  anymore,  the  local 
symmetry  of  the  Sb  and  O  atoms  is  then  only  a  threefold  axis. 
The  structure  has  to  be  described  with  two  sets  of  fluorine 
atoms  F|  and  F2,  and  the  oxonium  ion  is  ordered  with  a  full 

(27)  Hcyns,  A.  M  ;  Pistortus.  C  W  F  T  Sptctrochim.  Acta.  Part  A  1976. 
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Flf »  2.  oktef  stereoview  of  the  structure  of  OD3SbF4.  The  bridging  F2  atoms  are  differentiated  from  the  nonbridging  F,  atoms  by  smaller 
circle*  marked  by  traces. 


occupation  of  deuterium  atoms  on  the  general  positions.  The 
Sb  and  O  atoms  are  also  allowed  to  move  along  the  threefold 
axes  from  their  ideal  positions  (0,  0,  0;  '/j,  V2.  1  /a)- 
This  hypothesis  was  tested  and  led  to  a  better  R  factor 
(0.106)  with  the  following  parameters. 


atom 

X 

y 

Sb 

-0.012  (1) 

-0.012 

O 

0.238  (3) 

0.238 

F, 

0.044  (1) 

-0.118 

F, 

-0.75  (2) 

0.091 

D 

0.199(2) 

0.184 

z 

B. 

A1 

(1) 

-0.012 

(1) 

0.13 

(0.38) 

(3) 

0.238 

(3) 

3.50 

(0.75) 

(1) 

-0  143 

(2) 

1.26 

(0.42) 

(1) 

0.137 

<2) 

1.89 

(0.45) 

(1) 

0  299 

(1) 

3.40 

(0.30) 

Figure  1  gives  the  resulting  profile  of  observed  and  calcu¬ 
lated  neutron  diffraction  diagrams  and  shows  satisfactory 
agreement. 

The  Sb  and  O  atoms  are  displaced  from  their  ideal  positions 
by  0.21  A,  and  the  environment  of  the  Sb  atom  has  3  F,  atoms 
at  1 .80  A  and  3  F2  atoms  at  1 .94  A,  which  seems  to  be  com¬ 
patible  with  the  Raman  and  IR  spectra. 

The  F]  atoms  are  closer  to  the  oxygen  atom  of  the  oxonium 

rip  than  the  F|  atoms  with  Fj-O  ■  2.60  A  and  F,-0  ■  2.79 
The  F2-0  distance  is  within  the  correct  range  for  a  strong 
OD—  F  hydrogen  bridge  bond  (2.51-2.56  A  in  OHjTiF,’  and 
2.58-2.61  A  in  OH3BF«10). 

The  deuterium  atoms  are  located  at  0.91  A  from  the  oxygen 
atom  (with  a  D-D  distance  of  1.54  A  and  a  DOD  angle  of 
1 16°)  on  the  line  O-F,  (OD  +  DF2  -  0.91  +  1.69  -  2.60  A). 
This  confirms,  in  the  precision  of  our  results,  the  quasi-linearity 
of  the  O-D— F  bond  in  this  compound.  The  geometry  of  the 
OD3*  cation  itself  is  a  flat  pyramid  with  C3  symmetry.  The 
oxygen  atom  lies  0.18  A  out  of  the  plane  of  the  three  deuterium 
atoms. 

Figure  2  illustrates  the  environment  around  the  oxonium 
ion.  with  the  F2  atoms  being  differentiated  from  the  F,  atoms 
by  traces  of  the  ellipses.  The  two  SbF(~  octahedra  fully  rep¬ 
resented  are  approximately  located  at  0, 0, 0  and  '/2,  '/2,  '/2 
along  the  [1,  1,  1)  direction  and  bring  the  environment  to  an 
icosahedron.  The  distinction  between  F,  and  F2  implies  a  small 
displacement  of  the  fluorine  atoms  from  their  average  positions 
obtained  in  the  /a3  space  group  (F-F,  or  F-F2  distances  are 
about  0.20  A),  but  the  angular  distortion  of  the  octahedron 
is  small,  one  side  being  flattened  and  the  other  one  being 
elongated.  To  obtain  a  refinement  in  the  /2, 3  symmetry  group, 
we  had  to  allow  the  existence  of  antiphase  domains  without 
local  symmetry  centers,  but  which  are  images  of  each  other. 

The  interesting  point  of  this  structure  is  the  existence  of  an 
ordered  solution  for  all  atoms  with  a  scheme  of  hydrogen 
bonding  that  prevents  at  room  temperature  the  existence  of 


a  plastic  phase.  Such  a  phase  may  however  exist  at  higher 
temperatures  and  explains  the  phase  changes  observed  before 
the  decomposition  point.  To  obtain  more  information  on  the 
motions  of  the  ions  in  the  different  phases,  additional  exper¬ 
imental  data  such  as  second  moment  and  relaxation  time 
NMR  measurements  are  required. 

As  far  as  the  exact  geometry  of  the  OD3*  cation  is  con¬ 
cerned,  it  must  be  pointed  out  that  the  precision  of  the  results 
obtained  from  the  powder  diffraction  data  is  not  very  high  and 
that  the  final  values  depend  on  the  starting  points  used  for  the 
different  refinements.  Thus,  the  O-D  distance  was  found  to 
vary  from  0.91  to  1.05  A,  with  the  ODO  angle  varying  from 
1 16  to  92°.  The  correct  values  certainly  lie  between  these 
extreme  values.  This  is  also  reflected  by  the  higher  thermal 
parameters  found  for  the  deuterium  and  oxygen  positions  (see 
above),  indicating  high  thermal  motion  of  the  OD/  cation 
itself.  For  the  O-H  bond  length  in  OH/.  a  lower  limit  of  0  97 
A  appears  more  realistic  for  the  following  reasons:  The  bond 
length  in  free  OH2  is  already  0.96  A,  and  both  the  hydro¬ 
gen-fluorine  bridging  and  the  increased  0*~-H‘+  polarity  of 
the  O-H  bond  in  OH3SbF6  are  expected  to  increase  the  O-H 
bond  length.  This  bond  weakening  in  OH/  when  compared 
to  free  OH2  is  also  supported  by  the  force  constant  calculations 
given  below.  The  most  likely  range  of  the  O-H  bond  length 
in  these  OH3MF»  salts  is  therefore  0.98-1 .05  A.  which  is  in 
excellent  agreement  with  the  values  of  1.013  (8).  1.020  (3). 
and  0.994  (5)  A  previously  found  for  OH/CH,C6H4SO,  / 
0D3*CH3CtH4S03',2*  and  OH/CF^O/1*  respectively,  by 
neutron  diffraction  and  values  of  1. 01-1  04  A  for  OH/NOr 
and  OH/CIO/.  derived  from  wide-line  NMR  measure¬ 
ments.50 

The  value  of  1.19  A,  previously  reported1’  for  the  O-H  bond 
length  in  OH/BF4‘,  is  based  on  X-ray  data  and  therefore  is 
deemed  unreliable.  It  should  be  pointed  out  that  the  OH—F 
distances  in  OH/BF4'  and  OD/AsFs'  are  practically  identical 
(2.60  A).  This  suggests  that  i-o-h  and  ro_D  in  these  two 
compounds  should  also  be  similar 

The  neutron  model  was  tested  against  the  X-ray  data  for 
OH3SbF6,  but  there  was  no  improvement  in  the  refinement 
or  the  appearance  of  the  Fourier  difference  map. 

Vibiatkwal  Spectra.  Although  many  papers  have  been 
published  on  the  vibrational  spectra  and  force  field  of  the 
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Ftgve  3.  Vibrational  spectra  of  solid  ODjAiF,  at  room  temperature: 
trace  A,  infrared  spectrum  of  tbe  solid  pressed  between  AgCl  disks 
(broken  line  indicates  absorption  due  to  the  window  material:  bands 
marked  by  an  asterisk  are  due  to  OD3H*  mainly  formed  during  sample 
handling);  traces  B  and  C.  Raman  spectra  recorded  at  two  different 
sensitivities  with  a  spectral  slit  width  of  3  and  8  cm'1,  respectively. 
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Figure  4.  Vibrational  spectra  of  solid  OD,AsF(  at  low  temperature: 
trace  A.  infrared  spectrum  of  the  solid  pressed  between  AgCl  disks 
and  recorded  at  -196  *C;  traces  B  and  C,  Raman  spectra  recorded 
at  -100  °C  at  two  different  sensitivities. 

oxonium  ion,4'*-31'*5  many  discrepancies  exist  among  these 
data.  Frequently,  the  infrared  bands  observed  for  the 
stretching  modes  are  very  broad  and  overlap  and  are  com¬ 
plicated  by  Fermi  resonance  with  combination  bands.  Also, 
the  smooth  transition  from  highly  ionic  OH)4  salts  to  pro¬ 
ton-transfer  complexes  and  the  interpretation  of  some  of  the 
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Figure  5.  Raman  spectra  of  OD}SbF(  and  ODjAsFt  at  different 
temperatures  contrasting  tbe  slow  gradual  temperature  induced  line 
broadening  for  the  ordered  OD,SbF,  phase  against  the  abrupt  change 
within  a  narrow  temperature  range  for  OD,AsF(  caused  by  the 
transition  from  an  ordered  to  a  plastic  phase. 


MM  MM  ISM  MM  IMS  MM  IMS  tSM  'MS  IMS  'SM  SM  SOC  M0  roo  0 

mower 


Figure  6.  Vibrational  spectra  of  solid  ODjSbF,.  OH,SbF#.  and 
partially  deuterated  OH,SbF,  at  room  temperature:  trace  A.  IR 
spectrum  of  OHjSbF,.  trace  B,  1R  spectrum  of  partially  deuterated 
OH)SbFt  containing  about  equimolar  amounts  of  OD,SbF,  and 
ODjHSbF,  and  smaller  amounts  of  ODH]SbFt;  trace  C,  IR  spectrum 
of  OD,SbF(  containing  a  significant  amount  of  OD:HSbF(  formed 
during  sample  handling:  trace  O,  IR  spectrum  of  ODj  SbF,  containing 
only  a  small  amount  of  OD:HSbFs;  traces  E  and  F.  Raman  spectra 
of  OD,SbF(  recorded  at  two  different  sensitivities. 

more  weakly  ionized  proton-transfer  complexes  in  terms  of 
discrete  OH)4  salts  may  have  significantly  contributed  to  the 
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Figvc  7.  Vibrational  spectra  of  solid  ODjSbF,  and  partially  deu- 
terated  OH>SbF,  at  low  temperature:  traces  A  and  B.  infrared  spectra 
of  partially  deuterated  OHjSbF*  and  of  ODjSbF*,  respectively,  be¬ 
tween  AgBr  windows;  traces  C  and  D,  Raman  spectra  recorded  at 
two  different  sensitivities. 

general  confusion.  As  a  consequence,  there  is  still  considerable 
ambiguity4  whether  the  antisymmetric  or  the  symmetric  OH)* 
stretching  mode  has  the  higher  frequency.  Furthermore,  the 
symmetric  OH)*  deformation  mode  is  generally  very  difficult 
to  locate  due  to  the  great  line  width  of  the  band.4*  Although 
vibrational  spectra  have  previously  been  reported  for 
OD)*,,JJ4J*  they  have  been  of  little  help  to  strengthen  the 
vibrational  assignments  for  the  oxonium  cation.  Consequently, 
it  was  interesting  to  record  the  vibrational  spectra  of  deuterated 
and  partially  deuterated  OH,*  in  salts  containing  well-defined 
discrete  oxonium  cations.  We  hoped  to  verify  the  above  de¬ 
scribed  phase  changes  and  to  compare  the  experimentally 
observed  spectra  with  the  results  from  recent  theoretical 
calculations47'4*  and  with  those  of  the  isoelectronic  ammonia 
analogues.  *M4 

The  observed  infrared  and  Raman  spectra  and  the  more 
important  frequencies  are  given  in  Figures  3-7  and  Table  VI. 

Rooas-T empcratnre  Spectra  of  OD)AsF(.  Figure  3  shows 
the  room-temperature  spectra  of  solid  OD,AsF4.  As  can  be 
seen,  the  bands  are  broad  and  show  no  splittings  or  asymmetry 
as  expected  for  ions  undergoing  rapid  motion  in  a  plastic 
phase.4171*  On  the  basis  of  their  relative  infrared  and  Raman 
intensities,  the  band  at  about  2450  cm'1  can  be  assigned  with 
confidence  to  the  antisymmetric  OD)*  stretching  mode  v,(E) 
and  the  band  at  about  2300  cm'1  to  the  symmetric  OD,* 
stretching  mode  v,(A,).  This  assignment  of  •>,  >  v,  is  further 
supported  by  all  the  other  spectra  recorded  in  this  study  (see 
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below).  Also,  their  frequency  separation  of  about  150  cm'1 
is  very  similar  to  that  of  144  cm'1  found  for  isoelectronic 
ND,.!  Furthermore,  a  recent  ab  initio  calculation  for  OD,* 
also  arrived  (after  applying  the  suggested  -12.3%  correction 
to  all  frequencies)  at  »3  being  165  cm'1  higher  than  v,  (see 
Table  VII).4*  This  finding  that  in  a  strongly  hydrogen-bridged 
oxonium  salt  v,  is  higher  than  v,  disagrees  with  the  previous 
suggestion  that  the  order  of  the  OH3*  stretching  frequencies 
should  invert  when  in  X-H— Y  becomes  shorter  than  the 
van  der  Waals  radius  sum.3* 

The  assignment  of  the  1 192-cm'1  infrared  and  the  1 178-crrf 1 
Raman  band  to  the  antisymmetric  OD3*  deformation  v4(E) 
is  straightforward  and  again  is  in  excellent  agreement  with 
the  frequency  values  of  1191  and  1 161  cm'1,  found  for  iso¬ 
electronic  ND,50  and  calculated  for  OD,*  by  ab  initio  meth¬ 
ods,4’  respectively  (see  Table  VII). 

The  assignment  of  the  last  yet  unassigned  fundamental  of 
OD)*,  the  symmetric  deformation  mode  v2(A,),  is  more  dif¬ 
ficult.  On  the  basis  of  an  analogy  with  ND3,  this  mode  should 
occur  at  about  750  cm'1,  and  indeed  the  Raman  spectrum  of 
OD3AsF4  exhibits  a  band  at  770  cm'1  of  about  the  right  in¬ 
tensity.  The  failure  to  observe  a  well-defined  infrared 
counterpart  could  possibly  be  due  to  its  great  line  width.  The 
ab  initio  calculations  for  v2(A,)  of  OD}*  predict  an  intense 
infrared  band  at  549  cm'1.  Indeed  the  infrared  spectrum  of 
OD3AsF4  (trace  A,  Figure  3)  shows  a  medium-strong  band 
at  580  cm'1.  However,  we  prefer  to  assign  this  band  to  v2(E.) 
of  AsF4~  for  the  following  reasons:  This  mode  frequently 
becomes  infrared  active  in  many  AsF6'  salts.  Furthermore, 
it  has  also  been  observed  in  OHjAsF4;4  if  it  were  due  to  OD,*, 
it  would  have  been  shifted  in  OH3AsF4  to  a  significantly  higher 
frequency.  This  assignment  to  v2  of  AsF6'  is  also  supported 
by  the  low-temperature  infrared  spectra  of  OH3AsF6  and 
OD3AsF4  (Figure  4),  both  of  which  show  two  sharp  bands  of 
almost  identical  intensities  and  frequencies  at  about  580  and 
560  cm'1. 

The  remaining  bands  due  to  AsF4‘  in  OD3AsF4  are  in  ex¬ 
cellent  agreement  with  those  previously  observed  for  OH,AsF6 
and  can  be  assigned  accordingly.4  IR:  v,(F|U).  700;  v4(Flu), 
389  cm'1.  Raman:  i<[(Alf),  682;  ^(Ej),  560n'5(F24),  363  cm'1. 
Several  weak  bands  in  the  spectrum  of  OD,AsF4  are  marked 
by  an  asterisk.  These  are  due  to  a  small  amount  of  OD:H* 
and  will  be  discussed  below. 

Low-Tempera  twe  Spectra  of  OD,AsF6.  Figure  4  shows  the 
low-temperature  spectra  of  OD,AsF4.  The  most  prominent 
changes  from  the  room-temperature  spectra  are  the  pro¬ 
nounced  sharpening  of  all  bands  accompanied  by  splittings. 
As  discussed  above,  these  changes  are  caused  by  freezing  of 
the  ion  motions.  The  change  from  a  plastic  phase  to  an  ordered 
one,  occurring  on  the  basis  of  DSC  measurements  in  the  -7 
to  +2  °C  temperature  range,  was  confirmed  by  Raman 
spectroscopy.  As  can  be  seen  from  Figure  5.  the  freezing  out 
of  the  ion  motion  occurs  indeed  within  the  very  narrow  tem¬ 
perature  range. 

Compared  to  the  room-temperature  spectra,  the  low-tem¬ 
perature  spectra  do  not  provide  much  additional  information 
on  the  fundamental  vibrations  of  OD,*.  The  v,(A,)  funda¬ 
mental  is  shown  to  occur  at  a  lower  frequency  than  >>,(E),  and 
v4(E)  shows  a  splitting  into  two  components  in  the  infrared 
spectrum.  The  v2(A,)  deformation  mode  is  again  difficult  to 
locate  but  clearly  cannot  be  attributed  to  the  582-cm'1  infrared 
band  for  the  above  given  reasons. 

From  the  AsF4"  part  of  the  spectra  some  conclusions  con¬ 
cerning  the  possible  site  symmetry  of  AsF(~  might  be  reached 
All  degeneracies  appear  to  be  lifted  for  the  fundamentals,  and 
the  bands  are  not  mutually  exclusive.  This  eliminates  ail 
centrosymmetric  space  groups  and  site  symmetries  such  as  0k, 
T„,  or  C,,.  The  highest  possible  site  symmetry  appears  to  be 


Table  VI.  Vibrational  Spectra  of  OD,  Asf, .  OOjSbl  ,,and  Their  Partially  Deuteratcd  Analogues 


Oxonium  Hexafluoroaraenatea(V)  and  -antimonatea(V) 
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a  Uncorrected  Kaman  intensities  b  Idealized  point  groups  were  assumed  tor  the  ions;  this  approximation  is  reasonable  for  the  disordered  phases  but  is  not  valid  for  the  ordered  phases  in  which  the  site 
symmetry  of  the  ions  isC,  or  lower  c  Hie  spectra  of  ihese  compounds  contain  bands  due  to  some  00,11*  resulting  from  a  small  amount  of  11,0  in  the  l),0  starting  material  <  ^0  61 1  and  trom  handling 
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Table  VII.  Frequencies  (cm'*).  Frequency  Shifts  on  Deuteration.and  Relative  Infrared  Intensities  of  OD,*  and  OH,*  Compared  to  Those 
of  Gaseous  NO,  and  NH,*  and  to  the  Results  from  ab  Initio  Calculations6 


assgnt  for 
point 
group  C„ 

approx 
deaerpn 
of  mode 

OD,*  obad 

OH,*  obsd 

v(OH,*): 

v<OD,*) 

ND, 

NH, 

v(NH,): 

v(ND,) 

OD,*  caicd 

OH,*  caicd 

i^OH,  )caicd 

^OD/)C4lcd 

v,(A,) 

•-.(XY,) 

2300  m 

3150  m 

1.37 

2420 

3336 

1.38 

2424  (0.C 

3411  (10) 

141 

v,(A,) 

S,(XY.) 

715 

900  m.br 

1.26 

748 

950 

1.27 

549  (6.61 

725  (13  9) 

1  32 

v,(E) 

^(XY.) 

2450  vj 

3300  vs 

1.35 

2564 

3444 

1.34 

2589  (7.0) 

3516  (13.5) 

1.36 

v4(E) 

«„(XY,) 

1182  ms 

1620  ms 

1.37 

1191 

1626 

1.37 

1161  (1.3) 

1598  (3.2) 

1.38 

•  Data  from  ref  SO.  6  Data  from  ref  49  after  application  of  the  suggested  —  1 2.3%  frequency  correction. 


Table  VIII.  Frequencies  (cm'! )  and  Relative  Infrared  Intensities  of  OD,H*  and  ODH,*  Compared  to  Those  of  Solid  ND,H  and  NHD,° 
and  to  the  Results  of  ab  Initio  Calculations6 

assignt  for  approx 


point  descrpn 


group  C, 

of  mode  for  XY.Z 

OD,H*  caicd 

OD,H* c  obad 

ND,H  obsd 

ODH,*  caicd 

ODH, *c  obsd 

NDH,  obsd 

v,(A‘ ) 

XZ  str 

3484  (9.9) 

3150  vs 

3329  s 

2532  (4.4) 

2447  s 

v2i A  ) 

sym  XY,  str 

2476  (2.1) 

2392  m 

3450  (5.8) 

3300  m 

y,l A  ) 

asym  deformn 

1447  (2.7) 

1481  mw 

1476  mw 

1344  (1.7) 

1398  w 

1393  w 

t»,(A‘ ) 

sym  deformn 

611  (9  0) 

905  vs 

671  (11.5) 

992  vs 

*,<A ') 

asym  XY,  str 

2589  (7  2) 

2501  vs 

3516  (13.5) 

3359  vs 

(A  ) 

asym  deformn 

1186  (12) 

1 229  w 

1254  w 

1580  (3.4) 

1613  mw 

1602  mw 

*  Data  from  ref  52  6  Data  from  ref  49  after  application  of  the  suggested  - 1 2.3%  frequency  correction.  c  Frequency  values  taken  from 

the  low-temperature  IR  spectra  of  the  SbF,  alts. 

C).  in  agreement  with  our  triply  hydrogen-bonded  model  vibrations  at  380  cm'1  become  very  prominent  in  the  infrared 
possessing  AsF,  ions  with  three  shorter  and  three  longer  As-F  spectra. 

bonds.  Since  that  unit  cell  contains  more  than  one  molecule,  An  analysis  of  the  bands  attributable  to  SbF4~  (IR:  668. 

additional  splittings  are  possible  due  to  in-phase  out-of-phase  64S,  $90,  554,  548,  285  sh.  270  $h,  261  cm'1.  Raman:  680 

coupling  effects  within  the  unit  cell.  sh,  673,  650  sh.  640,  586,  554,  291  sh,  287  sh,  281,  265  sh 

The  low-temperature  spectra  of  ODjAsF*  show  a  medium-  cm'1.)  shows  again  that  the  site  symmetry  can  be  at  best  C,. 

strong  IR  band  at  341  cm'1  and  a  Raman  band  at  329  cm'1.  Thus,  the  vibrational  spectra  appear  to  be  compatible  with  a 

These  bands  cannot  be  assigned  to  AsF6'  because  their  fre-  space  group  such  as  /2,3.  which  was  chosen  for  the  above  given 

quencies  are  too  low  for  r,  and  also  they  were  not  observed  neutron  diffraction  structure  analysis, 

in  the  low-temperature  spectra  of  OHjAsF,.4  In  OH,AsF4,  Assignments  for  OD2H*  and  ODH.*.  The  vibrational 

however,  two  corresponding  bands  were  observed  at  467  cm'1  spectra  of  the  OD3*  salts  showed  bands  at  about  3160,  2920, 

(IR)  and  480  cm1  (Raman).4  Since  their  average  frequency  and  1470  cm1,  marked  by  an  asterisk  in  Figure  3.  which  could 

values,  33$  and  474  cm1,  respectively,  are  exactly  in  a  ratio  not  readily  be  attributed  to  combination  bands  of  OD,* 

of  1:2I/J,  these  bands  must  involve  the  hydrogen  atoms  and  Assignment  of  the  1470-cm'1  infrared  band  to  the  antisym- 

thercforc  are  assigned  to  the  D—  F  and  H— F  stretching  modes,  metric  stretching  mode  of  HF2‘  is  also  unsatisfactory,  because 

respectively.  As  expected,  these  bands  due  to  H— F  stretching  the  band  was  also  observed  in  the  Raman  spectrum,  which  in 

are  not  observed  in  the  plastic-phase,  room- temperature  spectra  turn  did  not  show  the  expected  symmetric  HF2'  stretching 

due  to  rapid  motion  of  the  ions.  mode  at  600  cm'1.  Furthermore.  ODj*SbF6'  should  result  in 

From  a  simple  diatomic  model  and  the  average  observed  the  formation  of  DF2"  and  not  of  HFf.  Consequently,  we  have 

frequency  values  (»H-f  ”  474  and  ro_F  “  335  cm'1),  the  examined  the  possibility  of  these  bands  being  due  to  small 

corresponding  force  constants  are  /HF  ■  0. 1 258  mdyn/ A  and  amounts  of  incompletely  deuterated  oxonium  ions  by  recording 

/DF  *  0.1204  mdyn/ A,  respectively.  Their  averaged  value  the  spectra  of  partially  deuterated  OH,SbF6.  As  can  be  seen 

(0.1231  mdyn/ A)  corresponds  to  a  hydrogen  bridge  bond  from  trace  B  of  Figure  6,  the  intensity  of  the  band  at  about 

energy  of  1.77  kcal  mol'1,  indicative  of  a  weak  hydrogen  bond.  3160,  2920,  and  1470  cm'1  has  increased  strongly  for  the 

Spectra  of  ODjSbF*  OHjSbFj,  aad  Partially  Deuterated  partially  deuterated  sample,  and  therefore  these  bands  are 

OHjSbF6.  Figure  6  shows  the  room-temperature  vibrational  assigned  to  the  OD2H*  cation.  The  observed  frequencies 

spectra  of  ODjSbF*,  OH3SbF6,  and  partially  deuterated  closely  correspond  to  those  of  isoelectromc  ND.H51'54  and  the 

OHjSbF4.  Although  the  Raman  lines  due  to  SbF6' (670,  590,  ab  initio  calculated  OD2H*  values49  (see  Table  VIII) 

555,  and  282  cm'1  in  trace  E)  are  broadened,  the  670-cm'1  Consequently  the  3160-  and  1470-cm'1  bands  are  assigned  to 

line  had  a  pronounced  shoulder  at  644  cm'1,  the  v2(E,)  mode  the  OH  stretching  mode  and  the  antisymmetric  (A')  OD;H 

is  split  into  its  two  degenerate  components  (see  Figure  5),  and  deformation  mode,  respectively,  of  OD2H*  The  2920-cm'1 

the  D—F  stretching  mode  at  355  cm'1  (trace  E  of  Figure  6)  band  can  readily  be  assigned  to  the  first  overtone  of  the 

and  H—F  stretching  mode  at  487  cm'1  (trace  A  of  Figure  6)  1470-cm'1  band  being  in  Fermi  resonance  with  the  OH 

are  observed.  All  these  features  clearly  indicate  that  ODjSbFj  stretching  mode.  The  antisymmetric  and  symmetric  OD; 

and  OHjSbF6  are  ordered  at  room  temperature,  thus  con-  stretching  modes  of  OD2H*  ait  expected  to  have  frequencies 

firming  the  above  given  DSC  and  neutron  diffraction  data.  of  about  2400  and  2300  cm'1.49-51'*4  respectively,  and  therefore 

The  assignments  for  ODj*  in  its  SbF('  salt  can  be  made  by  are  hidden  underneath  the  intense  OD,*  stretching  modes, 

complete  analogy  to  those  given  above  for  OD,AsF6.  The  The  antisymmetric  (A")  OD.H*  deformation  mode  is  ex- 

increased  splitting  of  the  2430-  and  2330cm'1  bands  and  their  pected49-51'54  to  have  a  frequency  between  1 190  and  1250  cm  1 

relative  infrared  intensities4*  (trace  D  of  Figure  6)  lend  further  and  therefore  can  be  assigned  to  the  infrared  band  at  1 220 

support  to  the  v,  >  r,  assignment  for  the  oxonium  salts.  On  cm'1  observed  in  trace  B  of  Figure  6 

cooling  (see  Figure  7),  all  the  important  spectral  features  are  In  addition  to  the  bands  attributed  to  OD,*  and  OD;H*. 

retained,  but  become  more  evident  due  to  better  resolution  the  infrared  spectrum  of  the  partially  deuterated  OH,SbF„ 

caused  by  the  narrow  line  widths.  Thus,  the  D—F  stretching  sample  (calculated  product  distribution  (mol  %):  OD,*.  51  68. 
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Table  IX.  Symmetry  and  Internal  Force  Constant^  of  OD,*  Compared  to  Those  of  OH,*.  NH,.  and  ND, b 

OD,*  OH,*  NH,-ND, 

force  fie  ldc  DFF  F,,  and  F„  Emin  NH,TR  F„  and  F„  Emm  GVFF 


y 

ii 

+ 

6.030 

6.0440 

6.085 

5.7783 

6.4S40 

^*2i  —  fa  *  2/oot 

0.4868 

0.4866 

0.4997 

0  4382  ' 

0  4049 

=  fra  +  fra 

0 

0.0527 

0.3244 

0.0242 

0  3244 

^„=/r-/rr 

6.0595 

6.1194 

6.133 

5  9696 

6.4732 

^44  ~fa t~~  fact 

0.6041 

0.6010 

0  6011 

0.5934 

0.6161 

Fy*  ~  fra  +  /rot 

0 

-0.1228 

-0.1622 

-0.0654 

-0.1622 

fr 

6,0497 

6.0943 

6.117 

5.9058 

6  4668 

frr 

-0.0098 

-0  0251 

-0  016 

-0  0638 

-0  0064 

fa 

0.5650 

0.5629 

0  5673 

0  5417 

0.5457 

faa 

-0.0391 

-0.0381 

-0.0338 

-0.0517 

-0.0704 

fra 

0 

0.0582 

0  1622 

0.0355 

0  1622 

fra 

0 

-0.0646 

0 

-0.0299 

0 

a  Stretching  constants  in  mdyn/A.  deformation  constants  in  mdyn  A/rad1,  and  stretch-bend  interaction  constants  in  mdyn/ rad  The  fol¬ 
lowing  bond  angles  and  lengths  were  used:  OD,*  and  OH,*,  1 10°  and  1.01  A;NH,.  107°and  1.01  A.  The  bending  coordinates  were 
weighted  by  unit  tl-A)  distance.  Frequency  values:  OD,*,  v,  =  2300.  t>,  =  715.  v,  =  2450.  v.  =  1 182,  OH,*,  v,  =  3150.  v,  =  900.  v,  =  3300. 
v.  =  1620  cm"1 .  °  Values  from  ref  57  with  the  assumption  F,,  =  -2 F„  c  The  potential  energy  distribution  for  OD,*  show  ed  all  funda¬ 
mentals  to  be  close  to  or  100%  characteristic,  with  the  largest  amount  of  mixing  being  observed  for  v,  in  the  NH,  transfer  force  field  of  OH,* 


OD2H*.  38.16;  ODH2*,  9.33;  OH,*,  0.77)  exhibits  two  bands 
at  1601  and  1388  enr1  (see  trace  B  of  Figure  6).  These  band 
are  in  excellent  agreement  with  our  expectations4’11'’4  (see 
Table  VIII)  for  4„(A")  and  4U(A'),  respectively,  of  ODH2* 
and  are  assigned  accordingly.  The  OD  and  OH,  stretching 
modes  of  ODH2  are  again  buried  in  the  broad  intense  bands 
centered  at  about  2400  and  3300  cm'1  and  therefore  cannot 
be  located  with  any  reliability.  The  symmetric  deformation 
modes  of  OD2H*  and  ODH2+  are  probably  giving  rise  to  the 
strong  shoulder  in  the  800-900  cm'1  range  (trace  B  of  Figure 
6)  but  cannot  be  located  precisely  due  to  their  broadness. 

The  above  assignments  for  OD2H+  and  ODH2*  are  further 
substantiated  by  the  low-temperature  spectra  shown  in  Figures 
4  and  7,  with  the  decreased  line  widths  allowing  a  more  precise 
location  of  the  individual  frequencies.  Most  of  the  infrared 
bands  observed  in  the  320-510  cm*1  region  for  the  low-tem¬ 
perature  spectra  of  the  different  oxonium  SbF(~  salts  are  at¬ 
tributed  to  the  D— F  and  H—F  stretching  modes  of  the  hy¬ 
drogen  bridges. 

In  summary,  most  of  the  features  observed  for  the  vibra¬ 
tional  spectra  of  the  oxonium  salts  can  satisfactorily  be  ac¬ 
counted  for  by  the  assumption  of  disordered  higher  temper¬ 
ature  and  ordered,  hydrogen- bridged,  lower  temperature 
phases.  Reasonable  assignments  can  be  made  for  the  series 
OH,*,  ODH2*.  ODjH*.  and  OD,*  (see  Table  VI)  that  are 
in  excellent  agreement  with  those  of  the  corresponding  iso- 
electronic  ammonia  molecules11'14  and  the  results  of  recent 
ab  initio  calculations4*  (see  Tables  VII  and  VIII).  The  only 
discrepancy  between  the  ab  initio  calculations  and  the  ex¬ 
perimental  data  exists  in  the  area  of  the  symmetric  deformation 
modes.  This  could  be  caused  by  the  low  barrier  to  inversion 
in  OH,*4* 

Force  Constants.  In  view  of  our  improved  assignments  for 
the  oxonium  cation,  it  was  interesting  to  redetermine  its  force 
field.  The  frequencies  and  assignments  given  in  Table  VIU, 
a  bond  length  of  1.01  A,  and  a  bond  angle  of  1 10°  were  used 
to  calculate  a  valence  force  field  of  OD,*  by  using  a  previously 
described  method4  to  obtain  an  exact  fit  between  calculated 
and  observed  frequencies.  The  results  of  these  computations 
are  summarized  in  Table  IX. 

Since  isotopic  shifts  obtained  by  light-atom  substitution  such 
as  H-D  are  virtually  useless  for  the  determination  of  a  general 
valence  force  field, 51  approximating  methods  were  used.  Three 
different  force  fields  were  computed  for  OD,*  to  demonstrate 
that  for  a  vibrationally  weakly  coupled  system  such  as  OD,* 
the  choice  of  the  force  field  has  little  influence  on  its  values. 


(55)  Mohan.  N.;  Mueller,  A.;  Nekamoio,  K.  Adv.  Infrared  Raman  Spec- 
irosc.  1975,  /.  180 


Our  preferred  force  field  is  that  assuming  F,2  and  Fu  being 
a  minimum.  This  type  of  force  field  has  previously  been 
shown1*  to  be  a  good  approximation  to  a  general  valence  force 
field  for  vibrationally  weakly  coupled  systems.  As  can  be  seen 
from  Table  IX,  the  force  field  obtained  in  this  manner  is  indeed 
very  similar  to  the  general  force  field  previously  reported17  for 
ND,  and  NH,.  The  fact  that  the  force  constants  of  OD,* 
deviate  somewhat  from  those  of  OH,*  is  mainly  due  to  the 
broadness  of  the  OH,*  vibrational  bands  and  the  associated 
uncertainties  in  their  frequencies.  Since  the  stretching  fre¬ 
quencies  of  OD,*  are  more  precisely  known  that  those  of 
OH,*,  the  OD,*  force  field  should  be  the  more  reliable  one. 
The  fact  that  F12  in  NH,  and  ND,  is  somewhat  larger  than 
the  value  obtained  for  Fn  in  our  Fn  *  minimum  force  field 
is  insignificant  because  in  the  published57  NH,  force  field  F,: 
was  not  well  determined  and  was  consequently  assumed  to 
equal  -2 Fu.  The  fact  that  the  stretching  force  constant  /,  in 
OD,*  is  slightly  lower  and  the  deformation  constant  /„  in  OD,* 
is  slightly  higher  than  those  in  ND,  is  not  unexpected  The 
ND,  frequencies  were  those  of  the  free  molecule,  whereas  the 
OD,*  values  are  taken  from  the  ionic  solid  OD,*AsF6".  In 
this  solid.  D-F  bridging  occurs  (see  above),  thereby  lowering 
the  OD  stretching  and  increasing  the  deformation  frequencies. 
As  secondary  effects,  the  higher  electronegativity  of  oxygen 
and  the  positive  charge  in  OD,*  are  expected  to  increase  the 
polarity  of  the  O-D  bonds, thereby  somewhat  decreasing  all 
the  frequencies.  These  explanations  can  well  account  for  the 
observed  differences. 

For  the  bending  force  constant /„,  values  of  0.563  and  0.542 
mdyn  A/rad2  were  obtained  for  OD,*  and  OH,*,  respectively. 
These  values  are  in  excellent  agreement  with  the  value  of  0  55 
mdyn  A/rad2  obtained  for  OH,*  by  an  ab  initio  calculation.4' 

In  summary,  the  results  from  our  normal-coordinate  analysis 
lend  strong  support  to  our  analysis  of  the  vibrational  spectra. 
They  clearly  demonstrate  the  existence  of  discrete  OH,*  ions 
that  in  character  closely  resemble  the  free  NH,  moiecule, 
except  for  some  secondary  effects  caused  by  hydrogen-fluorine 
bridging. 

Cooclaskm.  The  results  of  this  study  show  that  OD,AsF6 
exists  at  room  temperature  in  a  plastic  phase,  whereas  OD,- 
SbF6  has  an  ordered  structure.  Based  on  diffraction  data  and 
vibrational  spectra,  a  structural  model  is  proposed  for  the 
ordered  phase  of  OD,SbFs.  More  experimental  data  are 
needed  to  define  the  exact  nature  of  the  ion  motions  and  the 
associated  phase  changes  in  these  salts.  Many  of  the  obser- 


(56)  Sawodny.  W  J  Mol  Sptctrosc  lHf,  30.  56 
(5?)  Shimtnouchi.  T  ,  Nikag»wi,  I .  Hinahi,  J  .  Ishii.  M  J  Mol  Sptctrosc 
IH*.  19.  78 
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va lions  made  in  this  study  are  in  poor  agreement  with  previous 
reports  for  other  oxonium  salts  and  cast  some  doubt  on  the 
general  validity  of  some  of  the  previous  conclusions.  Due  to 
their  good  thermal  stability,  oxonium  salts  of  complex  fluoro 
cations  are  well  suited  for  further  experimental  studies. 
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The  geometric  structure  of  aadotnfluoroatethane  baa  been  obtained  by  a  combined  anelyns  of  electron  diffraction  intensities 
and  ground -state  rotational  constants  derived  from  the  microwave  spectrum  The  following  parameters  were  obtained  <  r„ 
values  in  A  and  deg  with  2#  uncertainties  in  units  of  the  last  decimal)  C-F  •  I  321  (2).  C-N.  ■  I  42)  (S).  N.-N,  - 
1.252  (5),  Ng-N.  w  1  III  (3),  zCN.N,  -  1 12.4  (2).  cN.N,N.  -  169 6  (3  4).  cFCF  -  10g7(2)  The  CF,  group  is  in 
the  staggered  position  with  respect  to  the  N,  group  aad  tiltad  away  from  it  by  3  1  (4)* 


Structural  data  on  covalent  azides  are  rare  due  to  the  ex¬ 
plosive  nature2-1  and  handling  difficulties  encountered  with 
these  compounds  One  of  the  more  stable  covalent  azides  is 
CFjN,,  a  compound  originally  prepared  by  Makarov  and 
oo- workers4-5  and  recently  studied  in  more  detail  by  two  of  us.* 
Although  the  closely  related  CH,N,  tr.oiecule  has  previously 
been  studied  by  both  electron  diffraction’  and  microwave 


spectroscopy .*  the  available  data  were  insufficient  to  determine 
whether  the  N,  group  is  linear  and  to  obtain  a  reliable  value 
for  the  tilt  angle  of  the  methyl  group  Furthermore,  a  com¬ 
parison  of  the  structures  of  CH,N,  and  CF,N,  was  expected 
to  contribute  to  our  knowledge  of  how  the  substitution  of  a 
CH,  group  by  a  CF,  group  influences  the  structure  of  the  rest 
of  the  molecule  * 


C*  ,  r  H  ■■ 


(5) 


(6) 


(a)  Rockatdyne  (b)  Uiuvwwty  of  Tlbragm 

Patai.  S-  Ed.;  Tbs  ChwuMry  of  tbs  Ando  Grasp*,  Wilsy-laswsomcr 

Now  York.  1971 

Dchoicke,  K  AJc  hurt  Cham  Radtochtm  I«t3.  26.  169 
Makarov.  S.  P  .  Yakubovich.  A  Ys  .  Gtasburg.  V  A  .  Filatov.  A  S  . 
Eaglia.  M  A.;  Phveaatatva.  N  F.  Nikiforovs.  T  Ys  Dokl  Akad 
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Makarov.  S  P  .  Yakubovich.  A  Ys  .  Filatov.  A  S  .  Engine  M  A  . 
Nikiforovs.  T  Ys.  Zk  Obtkck  Khim  19*4.  J».  709 
Chruu.  K  O  ;  Sc  beck,  C  J.  hurf  Cham  I9g|.  20.  2)64 


;  of  CF,N,.  The  sample  of  CF,\,  »as 
prepared  as  previously  described  *  Prior  to  the  electron  diffraction 
ex  pen  Hunts,  a  small  amount  of  N.  formed  bv  decomposition  of  some 
CF,N,  was  pumped  off  at  -196  *C  The  only  other  decomposition 


(7)  (a)  Livingston.  R  L  .  Rso.  C  N  R  J  hkvx  Ckrm  19*9  04  ''6  i b > 
Anderson.  D  W  W  .  Rankin.  D  W  H  Roberuon.  A  J  Wof  Sinn  i 
I9TJ.  14.  31) 

(«)  SsUtkiel.  W  M.  Curl.  R  F  .  Jr  J  Ckrm  Fkvx  r**4.  44  i  ;s» 
(9)  Obcrhsmmer.  H  J  Flxtorxat  Ckrm  1993  14’ 
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Flf  8  1.  Experimental  (— )  and  calculated  (— )  molecular  intcnaitici 
and  difTerencce. 
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Figure  2.  Experimental  radial  distribution  function,  theoretical 
funettona  for  tUflend  and  iclipand  conformatxna.  and  the  di/Terence 
curve  between  experimental  and  theoretical  staggered  conformation. 

products  were  nonvolatile  and  therefore  did  not  interfere  with  the 
measurements 

□seven  DNhsdba  The  scattering  uitcneitias  were  recorded  with 
the  haliers  gas  diffract ograph  at  two  camera  distances  C 25  and  50 
cm)  on  Kodak  electron  image  plans  ( U  *  18  cm)  The  accelerating 
voltage  was  about  60  ItV  The  sample  was  cooled  to  -80  *C.  and  the 
nozzle  temperature  was  1 5  *C  The  camera  pressure  never  exceeded 
2  x  1C’  tort  during  the  experiment  Exposure  time  was  6-9  s  for 
the  long  and  1 5-25  s  for  the  short  camera  distance.  The  electron 
wavelength  was  calibrated  with  ZnO  diffraction  patterns  Two  plates 
for  each  camera  distance  were  analyzed  by  the  usual  procedures 
Background  scattering  recorded  without  gas  was  subtracted  from  the 
2 5 -cm  dau  Averaged  molecular  intensities  for  both  camera  distances 
(i  ■  I  4- 1 7  and  8-)5  V )  are  presented  in  Figure  I,  and  numerical 
values  for  the  total  scattering  intensities  are  available  as  supplementary 
data 

Mkrseau  Spectroscopy.  The  microwave  spectrum  was  recorded 
at  temperatures  between  -70  and  -40  *C  at  pressures  around  10  mtorr 
and  at  frequencies  between  7  and  25  GHz  (X-  and  K-bend)  on  a 


Table  I.  Interatomic  Distances,  Vibrational  Amplitudes  from 
Spectroscopic  and  Electron  Diffraction  Data,  and  Vibrational 
Corrections  A  (A) 


vibrational  amplitudes 


atom  pair 

rU 

spectr 

6d 1° 

A  =  rt-r, 

NrNw 

1.12 

0.034 

0.034* 

0.0060 

Na-N,j 

1.25 

0.042 

0.042  (4)° 

0.0004 

C-F 

1.33 

0.045 

0.045  (4)e 

0.0013 

C-Na 

1.43 

0.053 

0.053  (4  )c 

-0.0001 

F  F 

2.16 

0.054 

0.056  af 

0.0009 

N„  -Ft 

2.18 

0.061 

0.063  (3)° 

0.0004 

Na  •  Fg 

2.30 

0.063 

0.0001 

C-  ■  Njj 

2.23 

0.067 

0.067* 

-0.0006 

Nv  '  ■&„ 

2.36 

0.046 

0.046* 

0.0028 

Nfl-F, 

2.71 

0.169 

0.174  (26) 

-0.0072 

C  Nu 

3.27 

0.085 

0.095  (40) 

-0.0003 

Ne-Ft 

3.31 

0.092 

0.092* 

0.0021 

Nw  'F* 

3.56 

0.229 

0.250  (33) 

-0.0096 

Nur  -F, 

4.42 

0.141 

0.096  (57) 

0.0130 

*  Error  limits  are  3o  values.  *  Not  refined.  c  Ratio  con¬ 
strained  to  spectroscopic  ratio. 

Table  II.  Geometric  Parameters  (A  and  deg)  for  CF>N,  from 
Electron  Diffraction  and  Combined  Electron 


Diffraction-Microwave  Analysis 

r  0  a 
r0r 

r  6 
rav 

C-F 

1.329  (3) 

1.328  (2) 

C-N„ 

1.427  (5) 

1.425  (S) 

Na-N,, 

1.250  (7) 

1.252  (5) 

NrNw 

1.117  (4) 

1.118(3) 

C&0N/J 

111.8(1.1) 

112.4  (0.2) 

N„NflNwc 

175.3  (4.3) 

169.6  (3.4) 

FCF 

108.4  (0.4) 

108.7  (0.2) 

tat* 

4.4  (1.2) 

5.8  (0.4) 

a  Results  from  electron  diffraction  analysis;  error  limits  are  2a 
values  and  include  a  possible  scale  error  of  0.1%  for  bond  lengths. 

*  Results  from  combined  electron  diffraction-microwave  analysis; 
error  limits  are  2o  values.  c  Bend  away  from  CF,  group.  d  Tilt 
of  CF,  group  away  from  N,  group. 

standard  100-kHz  Stark  spectrometer. 

CF)N,  was  initially  flowed  through  the  cell,  but  since  the  sample 
proved  to  be  very  stable,  it  was  only  changed  at  intervals  of  several 
hours. 

An  initial  broad-band  sweep  in  the  K-bend.  applying  a  0-20- V  ramp 
voltage  at  the  external  sweep  connector  of  the  Marconi  sweeper, 
immediately  revealed  the  m.  R-branch  heads  typical  of  a  nearly  prolate 
rotor  and  thus  restricted  the  ranges  to  be  searched. 

Structure  Analysis 

A  preliminary  analysis  of  the  radial  distribution  function 
(Figure  2)  clearly  demonstrates  that  the  CF3  group  is  staggered 
with  respect  to  the  N,  chain.  Model  calculations  for  the 
eclipsed  configuration  result  in  very  bad  agreement  with  the 
experimental  data  in  the  range  r  >  2.5  A  (see  Figure  2).  The 
radial  distribution  function  for  the  eclipsed  configuration  was 
calculated  with  the  final  geometric  parameters  derived  for  the 
staggered  conformation.  Increase  of  the  CN„N.  angle  to  about 
130*  improved  the  fit  for  the  peak  at  3.3  A,  but  the  dis¬ 
agreement  for  the  peaks  around  2.7  and  4.5  A  remained. 
Therefore,  in  the  following  analysis  the  CF3  group  was  con¬ 
strained  to  the  staggered  position.  However,  small  torsional 
deviations  (<I0*)  from  this  position  cannot  definitely  be  ex¬ 
cluded 

In  the  least-squares  analysis  a  diagonal-weight  matrix  was 
applied  to  the  intensities  and  scattering  amplitudes,  and  the 
phases  of  Haase"  were  used.  The  spectroscopic  corrections. 
Ar  (Table  I),  were  incorporated  into  the  refinement.  For 
torsional  vibrations,  the  concept  of  perpendicular  (rectilinear) 


i  IOi  Supplementary  data  available  (»ee  paragraph  at  and  of  paper)  ill)  Haaic.  1  Z  yaiurfoneh ,  A  1476.  2 5  4.  4)6 
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Flgwe  3.  The  J  ■  4  -»  5  rotational  transitions  at  a  Stark  field  of  200  V/cm.  Arrows  indicate  frequencies  at  which  K.t  ■  0  lines  appear  at 
higher  Stark  fields,  m  cl3.  »t*4  indicates  the  center  of  the  A  components  of  the  torsionally  split  1^*4  state.  The  A_,  *  1  lines  have 
not  definitively  been  assigned. 


amplitudes  results  in  unrealistically  large  contributions  to  these 
corrections  for  torsion-independent  distances  (C-F,  F— F,  and 
N—F).  Therefore,  contributions  from  the  CFS  torsion,  which 
is  a  large-amplitude  vibration,  were  neglected  for  torsion-in- 
dependent  distances.12  Assuming  local  C *  symmetry  for  the 
CFj  group  with  a  possible  tilt  angle  between  the  C3  axis  and 
the  C-N  bond,  eight  geometric  parameters  (including  the 
NaNfNw  angle)  are  required  for  the  determination  of  the 
structure  of  CF,Nj.  These  parameters  were  refined  simul¬ 
taneously  with  six  vibrational  amplitudes  (see  Table  I).  The 
remaining  vibrational  amplitudes,  which  either  cause  high 
correlations  or  are  badly  determined  in  the  electron  diffraction 
experiment,  were  constrained  to  the  spectroscopic  values, 
calculated  from  the  force  field.  This  is  justified,  since  the 
refined  amplitudes  agree  very  well  with  the  spectroscopic 
values.  The  result  from  the  electron  diffraction  analysis  is 
included  in  Tables  I  and  II. 

In  the  final  stage  of  the  analysis,  structural  parameters  were 
fitted  to  electron  diffraction  intensities  as  well  as  rotational 
constants.11  Although  the  method  for  calculating  A/F  *>  ff0 
-  &t  'u  based  on  the  assumption  of  small-amplitude  vibrations, 
which  certainly  does  not  describe  the  torsional  motion,  this 
approximation  has  a  minor  effect  on  the  determination  of  the 
geometric  parameters.  In  order  to  test  this  effect,  structural 
parameters  were  calculated  by  using  three  different  corrections: 
(1)  assuming  all  vibrations  to  have  small  amplitudes  (A/4  * 
0.39,  A B  *  1.98,  and  AC  ■  -0.78  MHz),  (2)  disregarding 
torsion  (A/4  “  4.42,  A B  m  1.16,  and  AC  ■  1.22  MHz),  and 
(3)  no  corrections  at  all.  The  relative  weight  between  electron 
diffraction  and  microwave  data  was  adjusted,  until  the  rota¬ 
tional  constants  were  fitted  to  within  20%  of  the  corrections 
in  cases  l  and  2  and  to  within  I  MHz  in  case  3.  These 
calculations  demonstrate  that  the  small  differences  in  the 
rotational  constants  do  not  affect  the  geometric  parameters 
outside  the  error  limits  given  in  Table  II. 

The  results  demonstrate  the  usefulness  of  the  rotational 
constants  for  the  reduction  of  the  uncertainties  in  the  CN„Nj 
and  the  CF)  tilt  angle,  which  are  very  sensitive  to  the  asym¬ 
metry  or,  in  other  words,  to  Bt  -  C,. 

Normal-Coordinate  Analysis 

A  force  field,  required  for  the  joint  analysis  of  microwave 
and  electron  diffraction  data,  was  derived  from  the  1 4  fun¬ 
damental  frequencies  determined  in  a  previous  study,4  the 
torsional  frequency,  derived  from  relative  intensity  measure¬ 
ments  of  rotational  transitions  of  the  excited  torsional  states, 
and  the  centrifugal  distortion  constant  D]K.  determined  from 
the  rotational  spectrum  of  the  ground  state. 

Valence  force  constants  were  refined  with  the  program 
nca14  on  the  basis  of  mass-weighted  Cartesian  coordinates. 

(12)  Ober  hammer,  H.  J.  Chem.  Phyt  1*71,  69,  448. 

(13)  Typke,  V  .  Dtkkhoun.  M  ;  Ober  hammer,  H.  J  Mot.  Struct.  1771.  44. 

83. 

(14)  Christen,  D.  J  Mot  Struct.  177*.  41.  101. 


Table  III.  Force  Field0  for  CF,N, 


CF 

6.69 

CF/CF 

1.06 

CN 

4.84 

CF/CN 

0.46 

NaN„ 

7.75 

CF/FCF  (adj) 

0.51 

n8nw 

16.88 

CF/FCF  (opp) 

-0.33 

FCF 

1.82 

CN/FCF 

-1.00 

NCF 

1.20 

CN/NCF  (adj) 

0.42 

CNN 

1.49 

CN/NNN 

-0.54 

NNN 

0.67 

FCF/FCF 

0.23 

tors 

0.03 

FCF/NNN 

-0.18 

NNN/tors 

-0.07 

°  Stretch  in  mdyn/A,  stretch/bend  in  mdyn/rad,  and  bend  in 
mdyn  A /rad1 . 


Figure  4.  The  J  “  51S  —  6„  transitions  showing  several  vibrationally 
excited  states  at  a  Stark  field  of  800  V/cm.  vj  *  i>l5. 


The  modified  harmonic  force  field  (Table  III)  looks  reasonable, 
but  is,  of  course,  underdetermined. 

The  mean  deviation  between  measured  and  calculated  fre¬ 
quencies  is  Ar  m  4  cm'1. 

Rotational  Spectrum 

The  assignment  of  the  band  heads  in  the  K-band  region  to 
the  J  *  4  —  5  (19.62  GHz)  and  /=  5  —  6  (23.54  GHz) 
transitions  was  straightforward  since  these  band  heads  ap¬ 
peared  very  close  to  the  frequencies  predicted  by  the  prelim¬ 
inary  electron  diffraction  model  (B  +  C  =  3.94  GHz),  but  the 
high- resolution  recordings  did  not  openly  display  the  charac¬ 
teristic  pattern  of  a  nearly  prolate  (K  *  -0.989)  rotor  (see 
Figure  3).  The  deviations  arise  from  excited  vibrational 
states — especially  the  low-lying  torsional  states — as  will  be 
discussed  below.  The  frequencies  of  all  measured  transitions 
and  the  ensuing  rotational  constants  have  been  collected  in 
Table  IV.  The  AT.,  *  1  lines  stand  out  quite  clearly,  though, 
and  recording  at  different  Stark  fields  permitted  the  identi¬ 
fication  of  K. |  ”  0  lines  that  appear  only  at  high  fields. 
Subsequently  higher  K.\  lines  were  identified,  but  because 
many  of  them  are  subject  to  heavy  overlapping,  some  of  them 
could  only  be  measured  using  a  radio-frequency/microwave 
double-resonance  technique  (RFMWDR)  as  described  below 

The  lowest  J  lines  show  signs  of  quadrupole  hyperfine 
structure,  but  no  attempt  was  made  to  resolve  and  analyze 
these  splittings.  Stark  measurements  on  different  M  compo- 
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Table  IV.  Meaaired  Rotational  Transitions  and  Derived  Rotational  Constants  (MHz) 


v=0 

v„  =  2 

fO  i 

II 

=r 

II 

* 

0.4  -1 

u„=  2 

u„=  l.u..  =  l 

u,  =  1 

l.,2„ 

7  843.90 

7  848.36 

7  851.39 

7  854.87 

7  858.13 

7  851.84 

7  857.67 

7  853.68 

2|>3,, 

11  738.22 

11750.70 

11764.13 

11778.62 

11743.79 

11749.23 

11  755.80 

2„3„ 

11768.73 

11772.52 

11777.05 

11782.32 

11  787.38 

11  777.53 

11  780.40 

11768.73 

11  772.33 

11776.69 

11781.82 

11  777.72 

11  780.28 

2*3.. 

11768.93 

11772.49 

11776.69 

11  781.82 

11  778.00 

11  780.51 

2, ,3,, 

11799.67 

11794.40 

11789.80 

11  785.77 

11  805.19 

4|45|. 

19  363.32 

19584.34 

19606.66 

19630.92 

19572.60 

19581.52 

19  592.76 

44.3«l 

19612.98 

16618.70 

19625.77 

19633.66 

19627.90 

19632.07 

T4#v41  * 

4«S« 

19613.36 

19620.17 

19627.90 

19637.11 

19646.89 

19627.75 

19641.95 

19633.17 

4tf5M  I 

19614.09 

19619.84 

19626.93 

19635.37 

19629.06 

19643.67 

19633.17 

it  */ia  g 

4„5„ 

19614.28 

19620.17 

19627.75 

19636.38 

19629.06 

19  643.67 

19633.58 

4„3„ 

19613.96 

19621.02 

19627.90 

19636.38 

19646.29 

19634.74 

4„5,« 

19665.79 

19657.02 

19649.58 

19642.92 

19  6  86.00 

19706.00 

19675.23 

5, .6.. 

23  475.69 

23  500.96 

23  5  27.92 

23  557.02 

23  486.68 

23  497.42 

23  510.98 

23  480.85 

5..6»  l 

5„6„  J 

23  534.01 

23  540.81 

23  549.30 

23  551.87 

5„6« 

23  534.97 

23  543.71 

23  553.54 

23  564.72 

23  552.18 

23  568.80 

S4.®4.  ) 

5.,6.,  I 

23  535.65 

23  542.48 

23  551.08 

23  560.39 

23  553.51 

-41V«J  » 

S„6„ 

23  536.98 

23  544.36 

23  553.06 

23  563.73 

23  554.88 

23  560.39 

5.,6m  l 
j„6..  t 

23  537.01 

23  543.71 

23  552.40 

23  562.22 

23  5  54.88 

5.,6« 

23  540.01 

23  545.76 

23  553.54 

23  563.73 

23  558.48 

23  562.22 

23  598.62 

23  588.29 

23  579.39 

23  571.50 

23  662.84 

23  646.77 

23  609.94 

23  607.58 

A » 

5544 

5631.5 

5722.4 

5817.2 

5880.5 

5517.5 

5490 

5600 

5S26.S 

B 

1971.750  (4) 

1969.374  (6) 

1967.121  (6) 

1964.924  (7) 

XQ'JQ  !c 

1974.335  (6) 

1976.896(5) 

1971.679  (6) 

1967.30 

C 

1951.260(4) 

1954.825  (6) 

1958.544  (6) 

1962.519  (7) 

J767.1 

1951.648  (6) 

1952.002  (5) 

1955.188  (6) 

1956.74 

OjKd 

0.0142(1) 

0.0150  (2) 

0.0158  (2) 

0.0220(31) 

0.0143  (2) 

0.0141  (5) 

0.0148  (3) 

0* 

“  A  species.  6  Fixed  to  value  determined  from  structural  model  and  harmonic  effects.  c  B  +  C.  d  kHz.  'Assumed. 


nents  of  the  transitions  4M  -*  5,j.  4n  -*■  514,  51S  —  616,  and 
5|4  —  6,5  (calibrating  the  field  against  the  OCS  shifts  and 
using  Muenter’s  value  for  its  dipole  moment13)  yielded  a  dipole 
moment  in  the  a  direction  of  m,  *  1.15  (10)  D. 

To  understand  the  microwave  spectrum  in  detail,  especially 
the  many  lines  between  the  two  K.,  *  1  transitions,  it  is 
necessary  to  consider  the  possible  molecular  vibrations.  In  an 
earlier  study,6  the  vibrational  spectra  were  investigated  and 
14  of  the  15  fundamentals  identified.  The  missing  one,  the 
torsion  of  the  CFj  group,  was  predicted  to  lie  below  90  cm'1 
but  could  not  experimentally  be  observed. 

Figure  4  shows  the  5u  — *  6,4  transition  in  a  highly  amplified 
recording.  From  the  characteristic  Stark  patterns  it  is  possible 
to  identify  all  of  the  obvious  lines  with  the  same  transition, 
only  in  different  vibrational  states.  The  very  intense  pro¬ 
gression  to  higher  frequency  must  be  assigned  to  the  torsion, 
and  relative  intensity  measurements  using  the  Wilson-Nesbitt 
method16  yield  an  energy  above  the  ground  state  of  47  (3)  cm'1 
for  the  first  excited  torsional  state  and  thus  for  the  torsional 
frequency. 

To  test  the  reliability  of  this  method,  the  energies  of  excited 
states  of  othe.  vibrations  were  determined  and  compared  to 
the  fundamental  frequencies  determined  from  the  IR  and 
Raman  spectra  (in  parentheses):  vl0  177  (179),  409  (402), 

v,«  459  (450),  v,0  +  v,3  221  cm'1  comprised  of  vl0  174  and  *,5 
47  cm'1. 

The  reliability  of  the  method  obviously  decreases  with  in¬ 
creasing  frequency  (decreasing  intensity),  and  the  method  fails 
for  transitions  falling  between  the  two  K_,  *  1  lines  because 
of  serious  overlapping  of  lines  and  Stark  components. 

Examination  of  the  5I4  —  6,s  transitions  to  determine  their 
relative  intensities  revealed  that  the  v15  progression  extends 
toward  lower  frequencies,  and  thus  the  frequency  difference 
between  the  K *  I  lines  decreases  with  increasing  excitation 


of  v,j.  This  effect  is  not  observed  with  the  other  excited  states 
(notably  *,0).  The  frequency  difference  between  the  = 
1  lines  directly  determines  B  -  C,  and  thus  the  observed  trend 
indicates  an  increase  in  symmetry  in  the  v,s  progression. 

In  order  to  explain  this  trend,  it  must  be  noted  that  a 
structural  model  having  the  C}  axis  of  the  CF}  group  collinear 
with  the  C-N  bond  only  produces  a  B-C  value  of  1-2  MHz. 
To  reproduce  the  observed  B-C  value  for  the  ground  state 
(20.5  MHz),  it  is  necessary  to  assume  a  tilt  angle  of  ~5°. 

Consequently,  one  could  propose  that  the  effect  of  higher 
torsional  excitation  is  the  removal  of  the  tilt  of  the  CF3  group. 
In  that  case  one  would  expect  higher  torsional  states  to  have 
B-C  values  between  1  and  2  MHz. 

On  the  other  hand,  if  one  realizes  that  most  of  the  molecular 
mass  is  concentrated  in  the  trifluoromethyl  group,  it  is  possible 
to  visualize  the  light  “frame"  rotating  about  the  heavy  “top", 
and  higher  excitation  would  lead  to  an  effective  symmetric-top 
molecule  with  the  excited  energy  levels  lying  well  above  the 
barrier  to  the  torsional  motion.  In  that  case,  however,  as  the 
energy  levels  approach  the  top  of  the  barrier,  tunneling  through 
the  threefold  barrier  would  cause  the  rotational  lines  to  split 
into  nondegenerate  A  and  doubly  degenerate  E  components. 

Unfortunately,  this  splitting  is  expected  to  take  place  at  the 
frequency  where  the  center  of  the  rotational  transitions  of  the 
excited  torsional  states  have  “turned  back"  (see  Figure  3)  into 
the  upper  /C,  m  1  tines  of  the  lower  torsional  states,  and  thus 
it  is  impossible  to  clearly  distinguish  the  weaker  lines  of  the 
higher  excited  states. 

It  was  hoped  that  double-resonance  experiments 
(RFMWDR)  could  circumvent  this  problem.17  RFMWDR 
techniques  were  used  to  identify  and  measure  the  7  =  5  — 
6,  AT_,  *  2  transitions  of  the  molecule  in  its  ground  as  well  as 
its  first  excited  torsional  state,  with  a  pump  frequency  of  3.1 
MHz,  which  happens  to  be  the  asymmetry  splitting  of  the  J 
=  5  levels  for  the  ground  state  and  the  splitting  of  the  J  -  6 


(15)  Mvemer.  J  S  J  Chtm  Phys  IN*.  4S,  4544. 

(16)  Nabttt.  A  S  Jr  .  Wilion.  E  B  Jr  Rtv.  Sci.  Instrum.  19*3.  34,  901 


(17)  Wodarczyk.  F  J  ;  Wilson.  E.  B  .  Jr.  J  Mol  Spectrosc  1971,  )7 .  445 
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Tabic  V.  Principal  Geometric  Parameters  (A  and  deg)  of  Some  Azides,  XN,,  Studied  in  the  Gas  Phase 

HN,6 

CH,N,e 

Me.SiN,* 

QN,* 

NCN/ 

CF,N/ 

X-Na 

1.015  (15) 

1.468  (5) 

1.734  (7) 

1.745  (5) 

1.355  (2) 

1.425  (5) 

Na-N,j 

1.243  (5) 

1.216  (4) 

1.198  (8) 

1.252  (10) 

1.261  (2) 

1.252(5) 

NrNw 

1.134  (2) 

1.130  (5) 

1.150(11) 

1.133  (10) 

1.121  (2)- 

1.118  (3) 

X&aNfl 

108.8  (4.0) 

116.8  (0.3) 

128.0(1.6) 

108.7  (0.5) 

114.5  (0.2) 

112.4  (0.2) 

NaNflNw 

171.3  (5.0) 

iso* 

180* 

171.9(0.5) 

169.2  (1.6) 

169.6  (3.4) 

T® 

35.0  (7.0) 

24.0  (5.0) 

0.0 

“  Torsional  angle  of  group  X  around  X-N  bond,  r  =  0°  corresponds  to  staggered  position.  *  r ,  values;  ref  18.  e  ra  values;  ref  7b.  d 
values;  ref  19.  *  rjr,  values;  ref  20.  r  ra  values ;  ref  2 1 .  *  riv  values;  this  study.  ™  Estimated  value. 


Figwe  S.  The  J  ■  l(,  —  2«j  transitions  at  a  Stark  field  of  800  V/cm. 
Marker  spacing  is  0.8  MHz.  The  assignment  of  oj  “  4  is  speculative, 
although  other  J  candidates  for  the  A  components  have  been  located. 

levels  for  the  first  excited  torsional  state.  With  a  pump  fre¬ 
quency  of  6.15  MHz  (the  ground-state  splitting  of  the  J  ■  6 
levels)  only  the  ground-state  transitions  are  observed. 

It  was  also  possible  to  observe  the  AT.,  ”  1  lines  in 
RFMWDR  (J  m  5  -*•  6)  for  the  ground  state  (vp  ■  307.0 
MHz)  and  the  first  (i>  ■»  218.4  MHz),  the  second  (i>  *  128.7 
MHz),  and.  barely,  the  third  excited  torsional  states  (>>  *  36.1 
MHz). 

The  weakness  of  the  third  excited  torsional  state  transitions 
extinguished  the  hope  of  finding  the  c,5  *  4  lines  by  using  the 
DR  technique,  which  would  otherwise  have  overcome  the 
problem  of  overlapping. 

Fortunately,  however,  the  J  m  1  -*  2  transitions  around  7.9 
GHz  (Figure  5),  modulated  at  a  Stark  field  of  800  V/cm,  only 
show  the  Af_|  *  0  transitions  and  thus  provide  a  somewhat 
clearer  picture.  It  looks  as  though  the  c,,  *  3  transition  is 
somewhat  broadened  compared  to  the  Uu  m  0,  1.  and  2 
transitons,  and  the  vti  *  4  transition  is  possibly  split  into  two 
components,  indicating  a  torsional  level  approaching  the  top 
of  the  barrier. 

The  assumption  of  a  purely  sinusoidal  potential  allows  a 
determination  of  the  barrier  heights  from  the  torsional  force 
constant,  known  from  the  normal-coordinate  analysis 

d*V  d1  T  y)  1 

force  constant  ■  — -  “  — -I  —(1  -  cos  (3a))  I 
da1  da 2  [  2  J 

at  a  -  0  -  9F,/2 

or  0.03  mdyn  A2  ■  4.35  keal/mol  ■  9K,/2  and  V,  *  0.97 
kcal/mol. 

Thus,  the  vl}  *  4  state  with  an  energy  of  0.675  kcal  is  in 
fact  quite  close  to  the  top  of  the  barrier,  especially  since  the 
addition  of  a  few  percent  V,  potential  would  somewhat  lower 
the  value  of  F,.  It  seems,  although  the  evidence  is  sparse,  that 
the  decrease  in  8  -  C  on  excitation  of  is  due  to  the  hindered 
internal  rotation  of  the  trifluoromethyl  group. 

DiscusskMi 

The  most  significant  features  of  the  CF,N,  structure  are 
the  bond  lengths,  the  nonlinearity  of  the  N,  group,  and  the 
torsion  and  tilt  angle  of  the  CF,  group  with  respect  to  the  N, 
group  These  features  are  discussed  in  the  following  para¬ 
graphs. 


Bond  Lengths.  The  above  results  clearly  demonstrate  that 
in  CF)Nj  the  N^-Nu  bond  is  significantly  shorter  than  the 
Nff-N„  bond.  This  can  be  attributed  to  the  electron-with¬ 
drawing  effect  of  the  CF3  group.  A  comparison  of  the  MN3 
series  (M  =  alkali  metal,  (CH3)3Si,  H,  Cl,  CF3)  shows  that 
if  M  is  of  very  low  electronegativity,  as  for  example  in  the 
alkali  metals,  we  have  an  ionic  M+N3~  structure  (I)  with  two 

M*  -  :n=n=n';-  — —  ■'n=N=n':‘  — —  -;N — N=N: 

•  •  I  •  I 


II  III 

degenerate  N-N  bonds  of  1.16  A  each.  With  increasing 
electronegativity  of  M,  the  M-N  bond  becomes  more  covalent 
and  the  contribution  from  resonance  structure  HI  increases, 
due  to  the  electron-withdrawing  effect  of  M.  This  causes  an 
increase  in  the  bond  length  difference  between  N4-N„  and 
Nf  N«  (see  Table  V).  A  comparison  of  the  C-N  bond  lengths 
in  CH3N3  and  CF3N3  also  shows  the  expected  effect.9  Re¬ 
placement  of  the  CH3  by  the  CF3  group  results  in  bond 
shortening  if  the  groups  are  bonded  to  electronegative  atoms 
or  groups.  Hence  the  C-N  bond  in  CF3N3  ( 1 .425  A)  is  sig¬ 
nificantly  shorter  than  that  in  CH3N3  (1.468  A). 

Torsional  Angie  of  the  CX3  Group.  In  general,  methyl  or 
trifluoromethyl  groups  prefer  the  staggered  position  with  re¬ 
spect  to  single  bonds  but  prefer  an  eclipsed  position  with  re¬ 
spect  to  double  bonds.  Representative  examples  in  the  case 
of  C”C  double  bonds  are  CX3CH*=CH222  and  trans- 
CXJCH=^HCXJ.Z}-24  Only  strong  steric  repulsions  can  force 
CF}  groups  to  abandon  the  eclipsed  position,  such  as  in  as- 
CF3CH~CHCF3.24  Only  one  example  is  known  for  N=N 
double  bonds:  /ra/w-CX3N“NCX3,24_2‘  where  the  CX3 
groups  again  eclipse  the  N=— N  double  bond  and  stagger  the 
N  lone  pair.  In  CF,N3  the  CF3  group  occupies  a  staggered 
position  with  respect  to  the  N}  group  as  shown  by  IV,  and  this 


N 

N 


■I 

,H 

V 


N 

(£• 

’ ! 

<H 


VI 


indicates  a  significant  contribution  from  resonance  sttructure 
III.  For  this  structure,  configuration  IV  minimizes  the  re- 
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pulsion  between  the  fluorine  free  valence  electrons  and  the  two 
sterically  active  free  electron  pain  on  the  N„  atom  (indicated 
by  broken  lines  in  IV).  In  contrast  to  CFjN),  the  CH,  group 
in  CH,Nj  appean  to  be  in  an  intermediate  position  between 
eclipsed  and  staggered,7*  (25  ±  7*  from  the  eclipsed  position), 
which  may  be  explained  in  the  following  manner:  resonance 
structure  II  should  result  in  a  staggered  configuration  (V)  and 
resonance  structure  III  in  an  eclipsed  (VI)  configuration. 
Since,  as  discussed  above,  the  bond  lengths  indicate  that 
structure  II  contributes  more  strongly  to  the  structure  of 
CHjNj  than  to  that  of  CF3N3,  the  observation  of  an  inter¬ 
mediate  torsional  angle  is  not  surprising. 

Linearity  of  the  N,  Group  and  CF,  Tilt  Angle.  In  CF5N, 
the  N,  group  is  slightly  ( 10°)  bent  away  from  the  CF3  group, 
and  the  CF3  group  is  tilted  away  from  the  N,  group  by  5.8°. 
This  is  readily  explained  by  the  repulsion  between  the  fluorine 
free  valence  electron  pairs  and  the  T-bond  electron  system  of 
the  N,  group.  A  comparison  of  these  values  with  those  in 
CHjNj  would  be  most  interesting,  but  unfortunately  no  ex¬ 
perimental  values  are  presently  available  for  CH3N3.  It  is 
interesting  to  note  that  the  angles  of  the  N,  group  found  for 
HNj,  C1N j,  NCN,,  and  CF3N3  are  all  very  similar.  However. 


it  should  be  kept  in  mind  that  most  of  these  values  carry  rather 
large  uncertainties. 

Torsional  Effects  oa  the  Structure.  The  present  data  for 
the  excited  torsional  states  do  not  allow  a  determination  of 
the  structural  changes  upon  excitation  of  vi;  It  is  clear  from 
model  calculations,  however,  that  several  parameters  must 
change  their  value  in  order  to  reproduce  the  rotational  con¬ 
stants  of  the  excited  states.  Thus  heavy  relaxation,  not  only 
in  the  trifluoromethyl  group  but  also  in  the  tilt  and  the  CNgNj 
angle,  is  assumed  to  take  place 
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POSITIVE  FLUORINE-  REALITY  OR  MISCONCEPTION? 
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SUMMARY 

Polar  covalence  theory  arguments  are  presented  against  the 
existence  of  a  permanent  positive  polarization  of  fluorine  In 
heteronuclear  X-F  molecules  and  against  the  existence  of  X  groups 
having  a  higher  electronegativity  than  fluorine  Itself.  The 
heterolytlc  fission  of  fluorine  and  the  possibility  of  Inducing 
a  positive  fluorine  dipole  In  X-F  molecules  with  highly  electro¬ 
negative  X  groups  are  briefly  discussed. 


INTRODUCTION 

Fluorlnatlon  reactions  with  highly  electronegative  compounds  are 
frequently  explained  by  Invoking  a  positive  fluorine.  In  a  recent 
note  [1],  this  author  took  exception  to  the  postulate  of  positive 
fluorine  by  criticizing  a  recent  paper  of  Cartwright  and  Woolf  on 
this  subject  [2].  In  the  preceedlng  paper  [3],  the  same  authors 
(C+W)  summarized  some  arguments  In  favor  of  positive  fluorine.  Since 
the  Issue  of  a  positive  fluorine  Is  largely  a  conceptual  problem  and 
Is  not  readily  accessible  to  direct  experimental  measurements,  a 
speculative  Interpretation  of  the  mechanism  of  poorly  studied  complex 
organic  reactions  has  little  merit.  A  systematic  analysis  of  this 
problem  therefore  appeared  more  rewarding  and  Is  given  below. 

0022-1 1 39/ 84/ S3 .00  ©  Elsevier  Sequoia  S  A. /Printed  in  The  Netherlands 
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DISCUSSION 

Definition  of  a  Positive  Fluorine 

A  positive  fluorine  Is  the  direct  result  of  a  transfer  of  electron 

density  In  a  covalent  X-F  bond  from  F  to  X  resulting  In  the  following 
6"6  + 

polar  covalence  X-F,  where  XF  can  be  either  heteronuclear  (X  Is  different 
from  F)  or  homonuclear  (X  equals  F).  If  XF  Is  homonuclear,  l.e.  F2,  one 
cannot  have  a  permanent  but  only  an  Induced  dipole.  If  XF  Is  hetero¬ 
nuclear,  one  can  have  both  a  permanent  and  an  Induced  dipole.  It  should 
be  noted  that  this  dipole  Is  not  Identical  with  the  experimentally 
measurable  overall  dipole  moment  of  the  XF  molecule  due  to  other 
factors  such  as  lone  valence  electron  pair  effects. 

Definition  of  the  Problem 

The  issue  raised  by  us  In  our  previous  critique  [1]  was  that  there  Is 

no  experimental  and  theoretical  justification  for  the  assumption  of  a 
4-6+ 

permament  X-F  polarity  In  a  heteronuclear  XF  molecule.  Therefore,  unless 
stated  otherwise,  the  following  arguments  will  be  referring  to  this  Issue. 

Theoretical  Arguments 


The  assumption  of  a  permanent  positive  fluorine  dipole  In  a  hetero¬ 
nuclear  XF  atom  violates  the  principle  of  electronegativity  equalization 
which  was  first  published  In  1951  by  Sanderson  [4]  and  proven  correct  by 
quantum  mechanics  In  1978  by  Parr  and  coworkers  [5]  and  In  1979  by 
Polltzer  and  Weinstein  [6].  This  principle  states  that  when  two  or  more 
atoms  unite  to  form  a  compound,  their  electronegativities  become  adjusted 
to  the  same  Intermediate  value  within  the  compound.  In  other  words,  the 
different  kinds  of  atoms  become  equal  In  electronegativity  by  unequal 
sharing  of  the  bonding  electrons.  This  means  that  the  more  electro¬ 
negative  atom  must  acquire  a  negative  charge  and  the  less  electro¬ 
negative  atom  a  positive  charge.  Since  fluorine  Is  without  doubt  the 

most  electronegative  element,  a  heteroatomic  X-F  bond  can  be  permanently 

6+5  ■ 

polarized  in  only  one  direction,  l.e.  X-F.  This  principle  also  rules 
out  the  possibility  that  X  groups,  such  as  CF^O-,  SeF^O-,  or  TeF^O-, 
which  consist  of  fluorine  substituted  heteroatoms  of  lower  electro¬ 
negativity  can  become  more  electronegative  than  fluorine  Itself  [1,7-10]. 


Experimental  Arguments 

Electrophilic  substitution  reactions  are  not  a  convincing  argument 
In  favor  of  a  positive  fluorine.  First  of  all,  the  mechanisms  of  most  of 
these  complex  reactions  have  not  been  established.  Secondly,  in  these 
reactions  a  strong  electrophile  attacks  an  electron  rich  center,  and  the 
polarity  of  the  bonds  within  the  electrophile  Is  of  lesser  Importance 
than  other  factors.  In  NF.  ,  for  example,  the  nitrogen  atom  Is  coordl- 
natively  saturated.  Consequently,  NF^  can  attack  an  electron  rich 
center  only  through  one  of  Its  fluorine  ligands  but  not  through  Its 
nitrogen  atom.  The  fact  that  NF^+  can  undergo  electrophilic  substitution 
reactions  Is  therefore  no  Indication  for  a  positively  polarized  fluorine. 


On  the  other  hand,  addition  reactions  in  which  a  polar  X-F  molecule 
Is  added  across  a  polar  double  bond,  are  capable  of  yielding  Information 
about  the  polarity  of  the  X-F  bond.  Several  such  studies  have  recently 
been  carried  out  using  ClOjOFp 1 ] .TeF^OF,  and  CFjOF[12]  and  did  not  provide 
any  evidence  for  a  positive  fluorine  in  these  hypofluorltes . 


One  piece  of  experimental  evidence  for  positive  fluorine,  cited  by 
(C+W)  Is  the  selective  substitution  at  acidic  hydrogens, 


Na+CH(N02)2'  +  F2 - - - NaV  +  FCH(N02)2  e.g. 


(C+W)  concluded  that.  If  half  the  fluorine  becomes  fluoride,  by  a  simple 
charge-balance  the  other  half  must  be  positive  fluorine.  The  shallowness 
of  this  conclusion  can  easily  be  demonstrated  by  the  following  analogous 
equation  which  would  prove  that  the  fluorine  In  HF  must  be  positive. 


Induced  Polarization  and  Heterolytlc  Fission  of  Fluorine 

Although  our  original  critique  of  the  paper  by  (C+W)  was  only  concerned 
with  the  permanent  dipole  of  a  heteronucl ear  XF  molecule,  the  preceedlng 
paper  [3]  requires  some  comment  on  the  heterolytlc  fission  of  fluorine.  If 
In  XF  molecules  X  becomes  more  and  more  electronegative  and  eventually 
becomes  F,  the  energy  required  to  Induce  a  dipole  moment  decreases  and 
the  possibility  of  forming  an  Induced  positive  fluorine  dipole  Increases. 
Although  the  formation  of  NF^AsFg  was  originally  postulated  [13]  to  Involve 
the  heterolytlc  fission  of  F£, 

n  ♦  . 

F3N I  —  —  F  — F - -  AsFg - »-NF4  AsFg 

6  +  6- 

subsequent  studies  [14-16]  have  shown  that  the  mechanism 
Is  more  complicated,  requires  predissociation  of  F-,  and 
formation  of  the  NF^  radical  cation  as  an  Intermediate, 
the  hard  Lewis  base  NF^  Is  replaced  by  the  soft  base  Xe, 
reaction  proceeds  spontaneously  even  In  the  dark  [17], 

Xe  +  F  — F  +  SbFg - ^XeF+SbFfi' 

It  Is  likely  that  this  reaction  Is  a  rare  example  of  an  actual  hetero¬ 
lytlc  fission  of  fluorine  and  therefore  Involves  a  Lewis  acid  -  Lewis  base 
Induced  polarization  of  fluorine.  However,  the  possible  existence  of  such 
a  reaction  for  homonuclear  difluorine  has  no  bearing  on  the  formation 
of  a  permanent  positive  fluorine  In  the  heteronuclear  XF  molecules 
discussed  above. 


of  this  reaction 
Involves  the 
However,  If 
the  following 
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Synthesis  and  Characterization  of 
Bis(difluorooxychlorine(  V) )  Hexafluoronickelate(  IV), 
(ClFjOhNiF. 

William  W  Wilson  and  Karl  O.  Christe* 

Received  January  10.  1984 

It  is  well-known  that  ClFjO  can  form  with  strong  Lewis 
acids,  such  as  BiF,.  SbFs.  AsF5,  PF,,  TaF5,  NbFs,  VFS,  PtF5, 
UFj,  SiF«,  BFj,  HF,  and  MoF,0,  adducts  containing  the 
ClFjO""  cation. 1-4  All  these  adducts  have  been  prepared  by 
the  direct  combination  of  ClFjO  with  the  corresponding  Lewis 
acids.  The  purpose  of  this  study  was  to  examine  whether 
CIF^^-containing  salts  derived  from  unstable  Lewis  acids, 
such  as  NiF4,  can  be  prepared  by  the  indirect  metathetica! 
methods  developed  for  NF4*  salt  chemistry.7 

Experimental  Section 

Material!  and  Apparatus.  Literature  methods  were  used  for  the 
syntheses  of  CsjNiF*1  and  ClFjOSbF,*  and  the  drying  of  the  HF 
solvent.'  Volatile  materials  were  manipulated  in  a  well-passivated 
(with  C1F,)  suinless-steel  Teflon  FEP  vacuum  system  ’  Solids  were 
handled  in  the  dry-N]  atmosphere  of  a  glove  box 

Infrared  spectra  were  recorded  on  a  Perkin- Elmer  Model  283 
spectrometer,  which  was  calibrated  by  comparison  with  standard  gas 
calibration  point*.1*11  Ga*  spectra  were  recorded  with  a  Teflon  cell 
of  5 -cm  path  length  equipped  with  AgCI  windows  Spectra  of  solids 
were  recorded  as  dry  powders  pressed  between  AgCI  windows  in  an 
Econo  press  ( Barnes  Engineering  Co.)  Raman  spectra  were  recorded 
on  a  Cary  Model  83  spectrophotometer  using  the  4880-A  exciting 
line  of  an  Ar  ion  laser  and  a  Spex  Model  1403  spectrophotometer 
using  the  647 1 -A  exciting  line  of  a  Kr  ion  laser  and  premonochro¬ 
mators  for  the  elimination  of  plasma  lines.  Sealed  quartz  tubes  were 
used  as  sample  containers  The  low-temperature  spectra  were  recorded 
by  using  a  previously  described  device. IJ 

Syadnii  of  (ClF20)2NiF,.  A  mixture  of  CIF2OSbF,  (7  008  mmol) 
and  Cs,NiF4  (3. 505  mmol)  was  loaded  in  the  drybox  into  a  previously 
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described10  double-U-tube  filter  apparatus.  Dry  HF  ( 185  mmol)  was 
condensed  at  -196  “C  into  the  apparatus  on  the  vacuum  line,  and 
the  mixture  was  warmed  for  30  min  to  25  °C  with  agitation  The 
apparatus  was  cooled  to  -78  °C  and  inverted,  and  the  solid  and  liquid 
phases  were  separated  by  filtration  assisted  by  2  atm  of  dry  N,  gas. 
The  material  volatile  at  25  “C  was  pumped  off  for  1 2  h  and  consisted 
mainly  of  HF.  The  filter  cake  (2.768  g;  weight  calculated  for  7  01 
mmol  of  CsSbFj,  2.584  g)  was  shown  by  vibrational  spectroscopy  to 
consist  of  mainly  CsSbF,  containing  small  amounts  of  CIF.O*  11  and 
NiF4J‘.7  The  filtrate  residue  (965  mg;  weight  calculated  for  3  505 
mmol  of  (CIF20)2NiF6,  l  .232g.  corresponding  to  a  78^  yield)  was 
shown  by  elemental  analysis  and  vibrational  spectroscopy  to  have  the 
following  composition  (wi  %).  (OF20)2NiF,.  9304.  ClF,OSbFs.  1.49; 
CsSbF,,  5.47.  Anal.  Calcd:  Ni,  15.54;  Cl.  18.93;  Cs.  1.97;  Sb.  2.36 
Found;  Ni,  1 5.6;  Cl.  18.7;  Cs.  2.07;  Sb.  2.48  The  losses  of  (Cl- 
F20)2NiF6  can  be  attributed  mainly  to  hang-up  of  some  (CIF:0):NIF, 
on  the  filler  cake. 

Results  and  Discussion 

Synthesis  and  Properties  of  (GF20)2NiF6.  The  metathetical 
process  previously  developed  for  (NF4)2NiF67  has  successfully 
been  transferred  to  the  synthesis  of  (CIF:0)2NiF6  according 
to 


2C!F2OSbF6  +  Cs2NiF6 


HF  solution 

-78  #C 


2CsSbF«,;  +  (CIF;0)2NiF6 


The  new  compound  (CIF20)2NiF6  is  a  deep  purple  crystalline 
solid  that  is  stable  at  60  °C  under  a  dynamic  vacuum.  At  1 1 0 
°C  the  observed  decomposition  rate  was  about  25%/h  The 
main  decomposition  products,  volatile  at  ambient  temperature 
but  condensible  at  -196  °C,  were  CIF,0  and  a  small  amount 
of  FC!02  (arising  from  handling  of  the  CIF,0)  as  shown  by 
their  ”F  NMR  and  infrared  spectra."  An  exhaustive  pyrolysis 
of  a  sample  in  a  sapphire  reactor  at  1 10  °C  under  a  dynamic 
vacuum  resulted  in  quantitative  C1F,0  evolution  and  the 
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formation  of  a  previously  described7  nonstoichiometric  brown 
nickel  fluoride  NiF2l  residue.  Contrary  to  the  pyrolysis  of 
(NO)2NiF6,  which  results  in  the  formation  of  NF3Ot'3  no 
evidence  for  the  formation  of  the  unknown  compound  ClFsO 
was  observed. 

The  presence  of  CIF20+  and  NiF62~  ions  in  (ClF20)2NiF6 
was  established  by  vibrational  spectroscopy.  The  spectra  of 
the  solid  showed  bands  characteristic  for  C1F20*  ( I R,  1  324 
vs  (*,),  700  vs,  br  (v2,  v5),  502  s  (vj),  406  m  (v4),  376  m  (vk))" 
and  NiF62'  (IR,  625  vs  (v3),  330  m  (v4);  Raman,  565  vs  (»>,), 
525  s.  512  ms  (*2).  308  m.  290  w  (*5))7  with  »2  and  v5  of  NiF^ 
showing  splittings  due  to  lifting  of  the  degeneracies  of  these 
modes.  Due  to  the  intense  color  of  the  sample,  it  ws  difficult 
to  obtain  Raman  spectra  and  only  the  bands  due  to  NiFk2’ 
could  be  observed  even  at  -100  °C 

Conclusion.  The  above  results  show  that  CIF.O*  salts  de¬ 
rived  from  unstable  Lewis  acids,  such  as  NiF4,  can  be  prepared 
by  metathetica!  methods.  Furthermore,  (ClF20)2NiFk  is  the 
first  example  of  ClFiO*  having  been  coupled  successfully  to 
a  highly  energetic  anion  in  the  form  of  a  stable  salt. 
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Lewis  Acid  Induced  Intramolecular  Redox  Reactions  of  Difluoramino  Compounds 

KARL  O.  CHRISTE,*  WILLIAM  W  WILSON,  CARL  J.  SCHACK.  and  RICHARD  D  WILSON 

Received  March  30,  1984 

It  is  shown  that  strong  Lewis  acids,  such  as  AsF,  or  SbFj,  which  are  good  fluoride  ion  acceptors,  strongly  catalyze  an  intramolecular 
redos  reaction  of  difluoramino  compounds,  such  as  CF,NF;,  SFsNF,,  CINFj,  CF,ONF,.  and  SF,ONF,  In  the  CINF,-AsF, 
system  a  thermally  unstable  intermediate  is  formed  at  -78  *C,  which  on  the  basis  of  iu  Raman  spectra  is  the  fluorine-bridged 
donor-acceptor  adduct  CINFfAiF,.  The  nature  of  the  final  decomposition  products  can  be  rationalized  in  terms  of  their  stability 
In  connection  with  the  low-temperature  Raman  studica.  an  unidentified,  unstable,  blue-green  species  was  observed  that  gives  nse 
to  a  resonance  Raman  spectrum  with  r  ■  177  cm"1  and  that  it  also  formed  from  CI/AsF,"  and  excess  Cl,  For  NF,CI.  I4N-'*F 
spin-spin  coupling  was  observed  in  its  ”F  NMR  spectrum. 

N2F,  is  a  reduction  product  of  CFjNF,.  KrF*  was  unlikely  to 
cause  the  observed  N:F,  formation  Since  KrF*AsF,  is  thermally 
unstable  and  decomposes  to  Kr,  F,.  and  AsF,.!  we  have  considered 

( 1 )  Chnste.  K  O  .  Wilson.  W  W  .  Wilson.  R  D  tnorf  Cheiv  IW4 

2058 

(2)  Gillespie.  R  J  .  Schrobilgen.  G  >  luorf  Chem  If7*  (5,  22 


Introdwctloe 

During  experiments  aimed  at  the  oxidative  fluorination  of 
CFjNF,  to  CFjNFj*A*Ft'  by  KrF*AsF4',  an  unusual  obaervation 
was  made.  Besides  the  NFj  and  CF<  products  expected  for  an 
oxidative  fission  of  the  C-N  bond,  significant  amounts  of  gaseous 
frwu-NjFj  and  solid  N2F*AsF4'  were  obtained.  Since  KrF*  is 
the  strongest  oxidative  fluorinating  agent  presently  known1  and 
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the  poesibility  that  the  strong  Lewis  acid  AsF,  might  induce  this 
decomposition  of  CF,NF2.  Many  difluoramino  compounds  are 
thermodynamically  unstable  toward  decomposition  reactions  in¬ 
volving  the  formation  of  multiply  bonded  nitrogen  species,  such 
as  N2F2  or  Nj,  and  more  highly  fluorinated  byproducts.  Therefore, 
these  difluoramino  compounds  are  only  kinetically  but  not 
thermodynamically  stable,  and  their  kinetic  stability  is  determined 
by  the  activation  energy  barrier  toward  decomposition.  Hence, 
it  would  not  be  surprising  that  complexing  with  a  strong  Lewis 
acid  could  lower  this  activation  energy  barrier. 

Previous  reports  on  the  interaction  of  difluoramino  compounds 
with  Lewis  acids  or  bases  are  scarce.  Although  the  instability 
of  HNF2  in  the  presence  of  alkali-metal  fluorides,  for  example, 
is  well  documented,1-4  only  one  detailed  study  on  the  interaction 
of  difluoramino  compounds  with  Lewis  acids  has  been  published.5 
It  was  found  that,  with  HNF2  and  alkyldifluoramines,  BF,  forms 
unstable,  N— B  bridged,  donor-accepted  complexes,  which  on 
warming  reversibly  decompose  to  the  starting  materials.  With 
C1NF2,  BFj  was  found  to  be  only  weakly  associated  below  -78 
•C.  and  with  NF,,  a  large  positive  deviation  from  Raoult's  law 
was  observed,4  indicating  no  association.  For  PF;,  a  positive 
interaction  was  reported  only  with  HNF2  and  CH,NF2,  and  the 
resulting  adducts  underwent  irreversible  decomposition  on 
warming.5  Although  low-temperature  infrared  spectra  of  the 
HNF2-PFj  adduct  were  recorded,  they  were  very  complex  and  did 
not  permit  any  conclusions  concerning  the  nature  of  the  adduct.5 
In  view  of  the  paucity  of  the  available  information  and  our  above 
mentioned  observations,  a  more  systematic  study  of  the  interaction 
of  difluoramino  compounds  with  strong  Lewis  acids  was  of  interest. 

ExperiaMatal  Section 

Caution1.  Some  difluoramino  compounds  arc  known  to  be  sensitive, 
and  appropriate  safety  precautions  should  be  used  when  working  with 
larger  amounts  of  these  materials. 

Materials  aad  Apparatus.  Literature  methods  were  used  for  the 
syntheses  of  KrF,.1  KrFSbF,.'  CFjNFj.4  SF,NF„»  CF,ONF2.">'"  CIN- 
Fj,IJ  NjF/AsF/,11  SF,Br.14  and  SF,ONF2."  For  some  of  the  com¬ 
pounds  the  previously  reported  product  yields  were  significantly  im¬ 
proved:  for  CF,NF2  from  70  to  99%  by  carrying  out  the  fluon nation  of 
CFiNj  with  a  fourfold  excess  of  F,  in  a  Monel  cylinder  at  70  *C  for  24 
h;  for  SFjONFj  from  60  to  84%  by  carrying  out  the  UV  photolysis  of 
equimolar  amounts  of  SF,OF  and  N2F4  in  a  flamed-out  quartz  bulb  at 
1.5-atm  pressure  for  16  h  with  water-filtered  radiation  from  a  140-W 
medium-presaure  mercury  arc  lamp;  for  SFjNF2  from  30  to  78%  by  UV 
photolysis  of  equimolar  amounts  of  N2F4  and  SF4  in  a  stainless-steel  cell 
equipped  with  a  sapphire  window,  using  the  water-filtered  radiation  from 
a  1-itW  Oriel  Model  6141  HgXe  lamp  and  an  irradiation  time  of  2  h. 
HF  (Mathcson  Co.)  was  dned  by  storage  over  BiF,,'5  AsF,  (Ozark- 
M shoeing  Co.)  was  purified  by  fractional  condensation  poor  to  use,  SbF, 
(Ozark- Mahoning  Co.)  was  purified  by  distillation,  and  SO;  (Mathcson 
Co.)  was  used  as  received. 

Volatile  materials  were  manipulated  in  a  well-pasaivated  (with  C1F,) 
stainless-steel  Teflon-FEP  vacuum  system.'4  Solids  were  handled  in  the 
dry  N  2  atmosphere  of  a  glove  bos 

The  l4F  NMR  spectra  were  recorded  on  a  Varian  Model  EM390 
spectrometer  at  84  6  MHz  using  Teflon- FEP  sample  tubes  (Wilmad 
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Class  Co.)  with  positive  shifts  being  downfield  from  the  external  stand¬ 
ard,  CFCl,. 

Infrared  spectra  were  recorded  on  a  Pei  kin- Elmer  Model  283  spec¬ 
trometer.  Gas  spectra  were  recorded  with  ,i  Teflon  cell  of  5 -cm  path 
length  equipped  with  AgCI  windows.  Spectra  of  solids  were  recorded  as 
dry  powders  pressed  between  AgCI  windows  in  an  Econo  press  (Barnes 
Engineering  Co  ).  Raman  spectra  were  recorded  either  on  a  Cary  Model 
83  spectrophotometer  using  the  4880- A  exciting  line  of  an  Ar  ion  laser, 
a  Claassen  filter'1  for  the  elimination  of  plasma  lines,  and  scaled  melting 
point  capillaries  as  sample  containers  or  on  a  Spex  Model  1 403  spec¬ 
trophotometer  using  the  647 1 -A  exciting  line  of  a  Kr  ion  laser  The 
low-temperature  spectra  were  recorded  by  using  a  previously  described 
device.1* 

SF,.NF;-KrFSbF,  System.  KrF*-SbF/  (2.14  mmol)  was  placed  in 
the  drybox  into  a  prepaasivaied  (with  CIF,  and  HF)  Teflon- FEP  ampule 
closed  by  a  stainless-steel  valve.  The  ampule  was  connected  to  the  vac¬ 
uum  line,  and  HF  (1  mL.  liquid)  and  SF,NF2  (4.63  mmol)  were  added 
at  -196  °C.  The  mixture  was  warmed  to  ambient  temperature  for  18 
h,  and  the  volatile  products  were  separated  by  fractional  condensation. 
They  consisted  of  SF,  (4.4  mmol),  Kr,  and  a  mixture  (4  I  mmol)  of  NF, 
and  (ranj-N2F2.  The  residue  in  the  ampule  consisted  of  SbF,  and  po- 
lyantimonate  salts  of  N2F* 14  and  small  amounts  of  N2F/,'J 

SF,NF2-KrFAsFt  System.  A  reaction  between  KrF'*AsF/  ( 2.65 
mmol)  and  SF,NF2  (3.31  mmol)  in  HF  solution  was  carried  out  at  -31 
*C  for  6.5  h  in  the  same  manner  as  described  for  the  SF,NF2-KrFSbF, 
system.  The  volatile  products  consisted  of  SF4  (3.2  mmol).  Kr.  and  a 
mixture  (3.3  mmol)  of  mainly  NF,  and  some  rrans-N2F2,  whereas  the 
solid  residue  was  N2F*AsF/  (0.95  mmol). 

CF,NF2-KrFShF4  System.  The  reaction  was  carried  out  at  25  °C  for 
3  h  as  described  for  the  SF,NF2-KrFSbF4  system  by  using  CF,NF2  (3.55 
mmol)  and  KrFSbF(  (1.94  mmol)  in  HF  (2  mL.  liquid).  The  volatile 
products  (5.27  mmol)  consisted  of  CF4,  NF,.  and  rronr-N2F2,  and  the 
white  solid  residue  (429  mg)  was  a  mixture  of  N,F*  and  NF,*  poly- 
antimoiuues.  The  formation  of  NF/  from  NF,  and  KrF*  in  HF  solution 
has  previously  been  reported.1 

CF,NF2-KrF2-A*F,  System.  KrF,  (2.29  mmol).  CF,NF2  (6  89 
mmol),  and  AsF,  (1.23  mmol)  were  condensed  at  -196  °C  into  a  pas¬ 
sivated  10-mL  nickel  cylinder.  The  cylinder  was  allowed  to  warm  slowly 
to  -78  °C  and  then  to  25  *C  by  the  use  of  a  liquid  N2-CO,  slush  bath 
and  was  then  heated  in  an  oven  to  50  *C  for  6  h.  The  volatile  products 
consisted  ol  a  mixture  (10.4  mmol)  of  NF,  and  CF4,  rnnu-N2F2  (0.43 
mmol),  and  AsF,.  A  white  solid  residue,  left  behind  m  the  cylinder, 
consisted  of  N,F*AsF/  (0.65  mmol). 

SF,NF2-AsF,  System.  SF,NF,(2.3I  mmol)  and  AsF,  (2  31  mmol) 
were  combined  at  -196  *C  in  a  prepassivated  Teflon-FEP  ampule  and 
kept  at  -78  *C  for  1.75  h.  At  this  point  the  pressure  in  the  ampule  was 
373  torr,  and  a  white  solid  had  precipitated  out  of  the  liquid  phase  The 
volatile  materials  were  separated  by  fractional  condensation  and  consisted 
of  SF,  (2.3  mmol).  AsF,  (1.5  mmol),  and  rrov-N2F2  (0  3  mmol)  The 
white  solid  residue  consisted  of  N,F*AsF/  (0  8  mmol) 

When  SF,NF,  (1  90  mmol)  and  AsF,  (0.11  mmol)  were  kept  m  a 
sapphire  tube  at  25  *C  for  20  h.  the  reaction  products  consisted  of  SF, 
(0.95  mmol),  lnwtr-N2F2  (0.30  mmol),  unreacted  SF,NF.  (0  90  mmol), 
and  solid  N,F* AsF/  (O  il  mmol). 

CF,NF,-AsF,  System.  CF,NF2  (6.32  mmol)  and  AsF,  (6  32  mmol) 
were  combined  in  a  Teflon-FEP  ampule  and  kept  at  -78  *C  The  vapor 
pressure  of  the  mixture  at  -78  *C  steadily  increased  and  was  measured 
as  a  function  of  time  (P  in  torr,  /  in  b):  348.  0  17,  365.  0.67.  495.  I  1 7. 
507,  I  67;  520.  2.67;  871.  20:911.  21  5;  924.  22  The  pressure  calculated 
from  the  known  vapor  pressures  of  the  pure  compounds®  '  and  Raoult  s 
law  is  447  torr  After  22  h.  the  react  km  was  stopped  The  volatile 
products  that  were  separated  constated  of  AsF,  (5  91  mmol)  and  a 
mixture  (6  7|  mmol)  of  CF,NF2.  CF*  rreiuN.F,.  and  small  amounts 
of  NF,  The  white  solid  residue  consisted  of  N,F* AsF,  (0  21  mmol) 

When  a  mixture  of  CF,NF,  (3  00  mmol)  and  AsF,  (3  00  mmoli  was 
kept  at  room  temperature  for  3  days,  all  the  CF,NF,  had  decomposed 
producing  solid  N,F*AsF,  (0  10  mmol).  rr*«-N,F2  ( I  4  mmoli.  CF, 
(3.0  mmol),  and  AsF,  (2  90  mmol)  However,  when  CF,NF  1 3  2* 
mmol)  and  AsF,  (0  33  mmol)  were  kept  at  ambient  temperature  For  20 
h.  no  significant  decomposition  of  CF,NF2  was  observed  and  the  starting 
material,  were  recovered  unchanged 

SF.ONF;  AsF,  System.  SF,ONF,  (3  99  mmol)  and  AsF,  i  <  99 
mmol)  were  combined  in  a  Teflon-FEP  ampule  and  kepi  for  2  h  ai  ’8 
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*C.  TVs  vdelilt  osieneh  ooasiHed  of  SF*  (3.13  mmoi)  and  AsF,  (0.14 
mmol).  Tbs  obits  solid  resides  is  tbs  smpel*  consist sd  of  NO*AsF,' 
(144  mmol).  Sams  NO* AsF,  bod  deposited  is  tbs  vacuum- lins  section 
sad  therefore  could  not  be  recovered. 

CTjONFi-AeF,  SyeSsm.  CF,ONF,  (0  49  mmol)  and  AsF,  (0  49 
mmol)  won  oombmed  at  -196  *C  is  s  ftamed-out  3-mm-od  quarts  tube. 
Tbs  mixture  was  kept  at  -71  *C  for  3  5  b.  Separation  of  the  products 
resulted  in  CF,  (0.46  mmoi).  CF/DNF,  (0.03  mmol),  and  solid  NOAsF, 
<0.42  mmol). 

SF,Br-AsF,  SyeSsm  SF,Br  ( 2  21  mmol)  was  condensed  into  a  pas¬ 
sivated  sapphire  tubs  at  -196  *C.  sad  its  vapor  pressure  at  -79  *C  was 
mm  sored  to  be  II  a  I  tort  Tbs  vapor  pressure  of  liquid  AsF,  under 
the  seme  conditions  was  found  to  be  162  torr.  The  tube  was  coded  back 
to  -196  *C.  and  AsF,  (136  mmol)  wu  added.  The  mixture  was  warmed 
to  -79  *C,  sad  the  vapor  pressure  above  the  resulting  clear  liquid  was 
determined  as  75  *  I  torr  (calculated  vapor  pressure  for  an  ideal  mixture 
based  on  Raoults  law  *  100  torr).  All  material  could  be  removed  from 
the  sapphire  tube  by  pumping  at  -79  *C. 

CINF, -AaF,  System.  The  vapor  pressures  of  purs  CINF,  and  pure 
AsF,  were  measured  at  -79  *C  aad  found  to  be  405  and  112  torr.  re¬ 
spectively  Then  equimolar  amounts  (5.65  mmol  each)  of  CINF,  and 
AsF,  were  oombiosd  at  -196  *C  in  a  passivated  Tefloo-FEP  U-trap.  The 
trap  was  allowed  to  slowly  warm  from  -196  to  -79  *C  by  means  of  a 
liquid  N,-dry  we  slush  bath.  At  -79  *C.  the  tube  ooatained  a  white  solid 
with  a  pressure  of  about  220  torr  above  it  The  tube  was  cooled  to  -196 
•C.  and  0  16  mmol  of  noncondenaablc  material  (N,)  was  pumped  off 
The  tube  was  wanned  again  to  -79  *C.  and  the  pressure  above  the  solid 
was  1 20  torr.  In  addition  to  s  white  solid,  some  yellow  solid  was  also 
formed,  particularly  at  temperatures  slightly  higher  than  -79  *C  Most 
of  these  solids  were  unstable  at  ambient  temperature,  and  fractional 
condensation  of  the  volatile  decomposition  prod  ecu  through  a  senes  of 
traps  kept  at  -71.  -126.  -156.  -196.  and  -210  *C  showed  NF,.  N,Fb 
fneiv-NjF].  AsF,  and  Cl,  Smaller  amounts  of  s  stable  white  solid 
residue,  left  behind  at  room  temperature,  were  shown  by  vibrational 
ipectrotcopy  to  be  a  mixture  of  N,F,*AsF,'  '*  and  N,F*AsF,‘  '* 

Mors  accurate  material  balances  for  this  system  were  obtained  by 
using  different  ratios  of  starting  materials  sod  either  sapphire  or 
flamed  nut  quartz  reactors  and  by  recording  low-temperature  Raman 
spsetra  of  the  intermediate  unstable  products  fortnad  in  this  system 
With  a  1:1  mats  ratio  of  CINF,  and  AsF,.  s  typical  material  balance  was 
as  follows:  starting  materials.  CINF,  and  AsF,  <2.59  mmoi  each), 
products.  NF,  (I  50  mmoi).  AsF,  (2.4  mmol).  Cl,  (I  3  mmoi).  N,  (0  35 
mmoi).  rrunr-NjF,  (0.10  mmoi).  and  N,FAsF,  ♦  N,F,AaF,  (0  10 
mmoi).  For  CINF,  (3  60  mmoi)  and  AsF,  ( I  25  mmol),  the  products 
comssted  of  NF,  <2  28  mmol).  N,  (0  40  mmol).  Cl,  ( I  71  mmol).  AsF, 
(107  mmol).  rroiu-N,Fj  (trace),  aad  N,FpAsF,  ♦  N,FAsF,  (0  1 7 
mmol)  For  CINF,  (3  67  mmol)  and  AsF,  (0  0)7  mmol),  the  products 
were  CINF,  (2.40  mmol).  NF,  <0  26  mmol).  N,  (0  06  mmol).  N,F,  (0  43 
mmol).  Cl,  (0.62  mmol),  and  N,FAsF,  ♦  N,F,AsF,  (0  03  mmoi) 

C),-AaF,  System.  An  aquimoier  mixture  of  Cl,  and  AsF,.  when  kept 
at  -79  0  *C  m  a  sapphire  tube,  result sd  in  a  dear  yellow  liquid  exhibiting 
s  vapor  pressure  of  1 1 5  torr  (calculated  vapor  pressure  for  an  ideal 
mixture  based  on  Raoult  s  law  ■  121  torr)  All  material  oouid  be  re¬ 
moved  from  the  sapphire  tube  by  pumping  si  -71  "C 

A  study  of  the  binary  CF,NF,-AsF,  system  showed  (hat  in  the 
pretence  of  AsF,  the  normally  stable  CF,NF.  undergoes  even  at 
-7g  *C  a  slow  decomposition  according  to  ( I )  Since  N,F.  exists 

2CF,NF,  — — 2CF,  +  N,F,  (I) 

as  two  isomers,  cu  and  trana,  and  since  only  the  cts  isomer  forms 
an  adduct  with  AsF,!J 

ciz-N,F,  4-  AaF,  -  N,F*AsF,  (2) 

the  observation  of  both,  gaseous  (nm»-N,F,  and  solid  N:F*  AaF,  . 
can  readily  be  rationalized  by  the  formation  of  both  N,F.  isomers 
in  reaction  I 

Therefore,  the  surprising  observation  of  rroru-NjF;  and 
N,F*A»F,  in  the  KrF*AsF,-CF,NF,  reaction  system  can  be 
attributed  to  a  Lewis  acid  promoted  intramolecular  redox  reaction 
of  CF|NF,  in  which  the  CF,  groupa  are  oxidized  to  CF,  and  the 
NF,  groupa  are  reduced  to  N,F, 

To  teat  (he  generality  of  (his  Lewis  acid  promoted  intramo¬ 
lecular  redox  reaction,  we  have  also  studied  the  effect  of  AsF, 
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on  CINF,.  SF,NF„  CF,ONF„  and  SFsONF„  which,  in  the 
absence  of  strong  Lewis  acids,  are  all  thermally  stable  com¬ 
pounds. It  was  found  that  AsF,  strongly  affects  the  de¬ 
composition  of  all  of  these  difluoramino  compounds.  Thus. 
SF,NF,  undergoes  an  analogous,  albeit  faster  and  quantitative, 
decomposition  according  to  (3)  and  (2).  It  should  be  pointed  out 

A*r, 

2SF,NF, - -  2SF*  +  N,F,  (3) 

that  the  SF,  and  N,Fj  products  formed  in  (3)  are  different  from 
those  (S,F|o  and  N,F«)  formed  in  the  uncatalyzed  thermal  de¬ 
composition  of  SF,NF,.2J 

For  CFjONF,  and  SFsONF,.  the  addition  of  AsF,  also  pro¬ 
moted  an  intramolecular  redox  reaction  at  low  temperatures.  After 
several  hours  at  -78  *C  almost  quantitative  CF,  or  SF*  elimination 
was  observed  for  stoichiometric  mixtures  of  either  CF,ONF,  or 
SFjONF,  with  AsF,.  However,  the  solid  byproduct  was  not 
N,F*AsF,'.  but  NCTAsF*- 

RONF,  4-  AsF,  — •  RF  +  NO*  AsF,  (4) 

Thus,  the  RONF,  compounds  also  exhibit  a  Lewis  acid  pro¬ 
moted  intramolecular  redox  reaction,  analogous  to  those  found 
for  the  RNF,  compounds.  Again  R-  is  oxidized  to  RF  while 
-ONF,  is  reduced  to  FNO  Since  FNO  readily  forms  with  AsF, 
a  stable  NO*AsF,~  salt,  this  salt  is  the  only  observed  coproduct. 
In  the  case  of  RONF,.  however,  the  products,  RF  and  FNO.  are 
identical  with  those10-"  observed  for  the  uncatalyzed  thermal 
decomposition  of  these  compounds. 

Of  the  difluoramino  compounds  investigated  in  this  study. 
CINF,  is  the  least  stable.  Therefore,  it  was  not  surprising  that 
CINF,  rapidly  reacts  with  AsF,.  Under  carefully  controlled 
conditions,  an  unstable,  white,  solid.  I :  I  intermediate  is  formed 
at  -78  *C.  which  at  slightly  higher  temperature  starts  to  decom¬ 
pose  enth  AsF,.  Cl,.  N,.  and  NF,  evolution.  In  addition  to  these 
products,  smaller  amounts  of  irn/u-N,F,.  N,F,.  N,F*AsF,\  and 
N,F,*A»F*'  are  formed.  On  the  basis  of  the  observed  reaction 
stoichiometry,  the  principal  reaction  b  ( 5),  with  some  contributions 
from  (6)  and  (7) 

6C1NF,  — — *  30,  4-  N,  4-  4NF,  (5) 

4CINF,  •  20,  4-  N,F,  4-  2NF,  (6) 

2CINF,  2CI,  4-  N,F,  (7) 

The  mechanism  of  the  above  described  AsF. -aided  decompo¬ 
sition  of  difluoramino  compounds  presents  an  interesting  problem. 
The  Lewis  aad  AsF,  could  interact  with  RNF.  molecules  through 
other  the  R  or  the  NF,  group  Interaction  through  R  ( R  »  CF,. 
SF,.  or  Cl)  ts  unlikely  because  compounds  such  as  CF,  or  SF, 
do  not  form  adducts  with  AsF,  However,  if  in  SF,  one  fluorine 
ligand  is  replaced  by  a  group  of  very  low  electronegativity,  such 
as  CH|,  (he  SF,  group  can  become  basic  enough  to  donate  a 
fluoride  ion  to  AsF,  with  formation  of  an  ionic  RSF,*  salt,  such 
as  CH|SF,*AsF,  14  To  show  that  with  SF.N  F;  the  formation 
of  such  a  salt,  it.  F,NSF,*AsF,  .  as  an  intermediate  is  unlikely, 
we  have  studied  the  interaction  of  SF.Br  with  AsF.  Since  Br 
and  NF,  have  comparable  electronegativities,  ihe  fluoride  donor 
abilities  of  SF.Br  and  SF,NF,  should  be  similar  Measurements 
of  the  vapor  pressure  at  -79  *C  above  a  roughly  stoichiometric 
mixture  of  SF,Br  and  AsF,.  however,  revealed  only  a  vers  weak 
negative  deviation  from  Raoult  s  law.  indicating  little  or  no  in¬ 
teraction  Similarly,  the  vapor  preuure  of  a  stoichiometric  mixture 
of  Cl,  and  AsF,  at  -79  *C  deviated  only  slightly  from  Raoult  s 
law  Therefore,  we  can  limit  the  following  discussion  to  a  con 
sideration  of  the  interaction  of  ihe  NF.  group  with  AsF. 

The  NF:  group  could  interact  with  AsF,  through  a  free 
lence-electron  pair  on  either  nitrogen  or  fluorine  If  fluorine  is 
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Figare  I.  Raman  spectrum  of  the  low-temperature  1:1  adduct  between 
NF2CI  and  AsF,,  prepared  at -78  *C.  Conditions:  -130  “C,  6471 -A 
excitation,  and  spectral  slit  width  of  8  cm'1. 


the  donor,  either  a  fluorine-bridged,  covalent,  donor-acceptor 
complex  or  a  predominantly  ionic  adduct,  RNF*AsF4",  could  be 
formed,  depending  on  which  product  is  kineticaily  and  energetically 
more  favorable.  Analogies  can  be  cited  for  both  types  of  inter¬ 
action.  Thus.  HNF;  has  previously  been  shown  to  form  with  BFj 
a  type,  covalent,  donor-acceptor  complex.’  On  the 

other  hand,  it  is  well-known  that  N2F4  forms  with  AsF,  the  ionic 
salt  N2Fj* AsF4'.IUJ  In  view  of  these  alternatives,  an  extensive 
effort  was  made  to  establish  by  experiment  the  nature  of  the 
RNFj-Lewis  acid  intermediate  involved  in  the  above  described 
decomposition  reactions.  Since  even  at  -78  *C  CF3NF2  and 
SF,NFj  do  not  form  a  solid  adduct  with  AsF],  whereas  C1NF2 
does,  we  have  concentrated  our  studies  on  the  C1NF2  system. 

”F  NMR  studies  of  equimolar  mixtures  of  Cl NF,  and  AsF, 
in  anhydrous  HF  at  -78  *C  and  of  C1NF2  and  SbF5  in  S02  at 
-60  *C  showed  that  in  both  cases  C1NF2  had  undergone  decom¬ 
position.  In  the  absence  of  AsF,  or  SbF,,  CINFj  was  stable  in 
both  solvents.  Its  NMR  spectra  showed  signals  at  d  141  in  S02 
at  -60  *C  and  at  6  137  in  HF  at  -80  °C.  In  both  cases,  a  partially 
resolved  triplet  was  observed  due  to  nitrogen-fluorine  spin-spin 
coupling  m  1 20  Hz.  To  our  knowledge,  no  N-F  spin-spin 
coupling  has  previously  been  reported  for  C1NF2. 

In  view  of  the  instability  of  C1NF2  in  solutions  containing  AsF, 
or  SbF,,  Raman  spectra  of  the  solid  1:1  adduct  formed  between 
CINF2  and  AsF,  at  -78  °C  were  reoorded  at  -130  °C.  A  typical 
spectrum  is  shown  in  Figure  1 .  On  the  basis  of  the  large  number 
of  observed  bands  and  the  absence  of  the  characteristic  AsF4" 
vibrations,15  an  ionic  C1NF*A»F4'  structure  can  be  ruled  out.  Of 
the  two  possible  covalent,  donor-acceptor  complexes,  structure 
II  is  preferred,  on  the  basis  of  a  comparison  with  the  Raman 


I 


II 


spectrum  of  the  known  N -donor  adduct  CHjCN-»AsF,.  The 
intense  Raman  bands  at  492.  439.  and  277  cm'1  can  only  be 
reconciled  satisfactorily  with  structure  II.  The  observed  fre¬ 
quencies  and  their  tentative  assignments  for  II  are  given  in  Figure 
I  In  the  spectra  a  weak  band  of  variable  intensity  was  also 
observed  at  about  1060  cm'1,  which  could  be  due  to  small  amounts 
of  NjF*  "  However,  the  possibility  cannot  be  ruled  out  that  this 
band  represents  the  NF  stretching  mode  Then,  the  947-cm'1  band 
must  be  assigned  to  the  NCI  stretching  mode  and  the  710-  and 


688-cm'1  bands  to  the  doubly  degenerate  antisymmetric  AsF4 
stretching  mode. 

Several  interesting  observations  were  made  in  connection  with 
these  Raman  studies.  When  the  sample  was  warmed  to  above 
-78  °C,  the  white  solid  decomposed  and  an  unstable  yellow  solid 
formed,  which  was  shown  by  Raman  spectroscopy  to  contain 
Clj+AsFt'.2*  During  its  decomposition  in  a  closed  system,  a 
blue-green  unstable  material  also  formed,  which  with  647 1 -A 
excitation  gave  a  resonance  Raman  spectrum  with  its  fundamental 
at  177  cm'1.  After  pumping  off  all  material  volatile  at  room 
temperature,  a  small  amount  of  a  white  solid  was  left  behind, 
which  on  the  basis  of  its  Raman  and  infrared  spectra  was  a  mixture 
of  N2F*AsF4"  and  N2Fj*AsF4".  The  origin  of  the  unstable 
blue-green  species  was  shown  to  be  due  to  C),*AsF6'  and  an  excess 
of  Cl2.  A  sample  of  CI3+AsF4",  when  warmed  in  the  presence  of 
an  excess  of  Cl2  to  temperatures  slightly  above  -78  aC,  produced 
the  same  blue-green  species.  Possible  candidates  for  this  species 
could  be  the  unknown  Cl,+  cation  or  Cl,  radical,  but  the  frequency 
of  177  cm'1  appears  rather  low  for  either  one  of  these,  and  attempts 
were  unsuccessful  to  isolate  a  C1,*C12*AsF4‘  species  from  Cl,+- 
AsF4"  and  an  excess  of  Cl2  at  temperatures  as  low  as  -95  °C.  It 
should  be  noted  that  the  177-cm'1  band,  which  previously  has  also 
been  reported24  for  Cl,+AsF4*  as  an  unassigned  band  of  20% 
intensity  at  170  cm'1,  most  likely  does  not  belong  to  C1,*AsF4". 
In  our  study,  this  band  was  completely  absent  in  some  of  the 
Cl,*AsF4'  spectra  and  was  observed  with  variable  intensity  in 
others. 

The  possibility  of  attributing  the  complexity  of  the  Raman 
spectrum  of  Figure  1  to  a  polyanion,  such  as  As2FM',2T  was  also 
investigated  but  rejected.  When  AsF,  was  reacted  with  a  large 
excess  of  CINF2,  the  solid  residue  at  -78  °C  exhibited  a  spectrum 
identical  with  that  in  Figure  1. 

Another  interesting  question  was  whether  catalytic  amounts 
of  AsF,  suffice  to  decompose  these  RNF2  type  compounds.  It 
was  found  that,  for  example,  6  mol  %  of  AsF,  resulted  in  the 
decomposition  of  53  mol  %  of  the  SF,NF2  starting  material  and 
in  the  formation  of  6  mol  %  of  N2F*AsF4*.  It  thus  appears  that 
the  SF,NFj  decomposition  requires  only  catalytic  amounts  of  AsF, 
but  that  the  relatively  slow  SF,NF2  decomposition  reaction  comes 
to  a  halt  when  all  the  available  AsF,  is  converted  by  m-N2F2  in 
a  faster  reaction  to  solid  N2F*AsF4'.  For  the  RONF2  type 
compounds,  obviously  larger  amounts  of  AsF,  are  required  because 
of  the  quantitative  formation  of  FNO  and  its  fast  and  quantitative 
conversion  to  solid  NO*AsF4'.  The  fact  that  only  AsF,,  but  not 
AsF4',  catalyzes  the  RNF2  decomposition  was  demonstrated  by 
the  fact  that  CINF2  was  recovered  unchanged  when  exposed  to 
a  stoichiometric  amount  of  N2F/AsF4'  for  2  days  at  ambient 
temperature. 

Finally,  the  different  behavior  of  N2F4  and  the  difluoramino 
compounds  toward  strong  Lewis  acids  needs  to  be  discussed. 
Whereas  the  difluoramino  compounds  of  this  study  appear  to  form 
fluorine-bridged  donor-acceptor  complexes,  N2F4  forms  ionic 
N2F,*AsF4'  This  different  behavior  is  attributed  to  the  fact  that 
in  N2F4  removal  of  a  fluoride  anion  is  greatly  facilitated  by  the 
availability  of  a  free  valence-electron  pair  on  the  vicinal  N  atom. 
This  free  pair  can  migrate  to  form  an  N—N  double  bond,  thus 
yielding  an  energetically  favorable,  stable  cation  (eq  8).  In  the 


F 


+  Air, 


A»F4'  (81 

case  of  CFjNF;  and  SF,NF2,  the  C  and  S  atoms,  respectively, 
do  not  possess  a  free  valence-electron  pair  that  by  migration  could 
stabilize  a  corresponding  R— NF*  cation.  Therefore,  for  RNF, 
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(he  reaction  analogous  to  (8)  stop*  at  the  thermally  unstable 
intermediate  donor-acceptor  stage,  which  on  warm-up  can  de¬ 
compose  to  the  observed  products  by  attack  of  a  negatively  po¬ 
larized  fluorine  atom  bound  to  As  on  the  positively  polarized 
central  atom  of  the  R  group  (eq  9).  Such  a  mechanism,  involving 


F  F 

F — C*— — *N — : 


-  CF«  +  A»Fj  -t-  NF 


(9) 


7-*»  — 


I  »-:F  j7-*t — F 


the  formation  of  NF  radicals,  could  explain  the  formation  of  both 
cis-  and  tra/u-N2F2  isomers  and  could  also  account  for  the  ob¬ 
servation  of  side  reactions,  as  in  the  case  of  C1NF2. 


In  summary,  this  study  has  shown  that  (i)  strong  Lewis  acids, 
which  are  good  fluoride  acceptors,  catalyze  the  decomposition  of 
difluoramino  compounds,  (ii)  the  thermally  unstable  intermediates, 
which  are  initially  formed,  appear  for  RNF2  compounds  with 
highly  electronegative  R  groups  tq  be  fluorine-bridged  donor- 
acceptor  complexes,  and  (iii)  the  exact  nature  of  the  final  products 
is  governed  by  their  relative  stabilities. 
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NFsCrF*  a  new  sable  NF4*  salt  containing  an  energetic  counterion,  was  prepared  by  treatment  of  CrF,  with  an  excess  of  NF4HF2 
in  HF  solution.  The  composition  and  ionic  nature  of  N F,CrF4  was  established  by  elemental  analysis,  vibrational  and  "F  NMR 
spectroacopy,  and  it*  X-ray  powder  pattern.  Reactions  of  CrF,  with  HjO  in  HF.  CIFj,  FNO,  Clj,  CFCI,,  and  KrF2  were  studied 
to  determine  its  acidity  and  oxidizing  power.  With  FNO,  a  stable  1:1  adduct  is  formed,  which  on  the  basis  of  its  vibrational  spectra 
has  the  ionic  structure  NO'CrF/  The  reaction  of  NOCrF,  with  NO  produced  (NO^jCrF,2 3".  which  by  controlled  pyrolysis  was 
converted  to  NO*CrF,".  With  stoichiometric  amounts  of  HjO  in  HF.  CrF,  did  not  form  a  stable  OHj*CrF4"  salt  but  the  reaction 
resulted  in  hydrolysis  to  CrF,0  The  influence  of  the  strong  Lewis  acids  AiF,  and  SbF,  on  the  oxidizing  power  of  CrF,  was  also 
investigated.  On  the  basis  of  the  fact  that  CrFj-SbF,  mixtures  can  oxidize  02  (IP  “  12.06  eV)  but  not  NF,  (IP  "  13.00  eV), 
the  following  qualitative  oxidizer  strength  scale  is  proposed:  KrF*  >  PtF,  >  SbF,  +  F,  +  activation  energy  >  CrF, -SbF,  The 
results  of  a  normal-coordinate  analysis  of  CrF(~  and  CrF,1-  show  the  expected  decrease  in  force  constants  with  increasing  negative 
charge. 


Introduction 

Chromium  pen ta fluoride  is  a  known,  powerful  oxidizer  capable 
of  fluorinating,  for  example.  Xe  to  XeFt  and  XeF4.u  Fur¬ 
thermore,  it  is  known  that  the  oxidizing  power  of  CrFs  can  be 
enhanced  by  the  addition  of  a  strong  Lewis  acid,  such  as  SbF,/ 
Thus,  these  CrF,- Lewis  acid  mixtures  can  oxidize  02  to  Os*  and 
therefore  are  assigned  an  electron  affinity  comparable  to  that  of 
PtF*.4  In  view  of  this  demonstrated  high  oxidizing  power  of  CrF,, 
the  known  existence  of  the  CrF<~  anion.4 6  and  the  exceptional 
stability  of  NF4*  salts,’-4  the  synthesis  of  the  new  oxidizer 
NF4+CrF*‘  appeared  feasible. 

Expcriaacutal  Suction 

Apparatus.  Volatile  materials  were  mini  pule  ted  in  stainless-steel 
vacuum  lines  equipped  with  Teflon- FTP  U- traps.  3)6  itainless-iteel 
bellows-seal  valves,  and  a  Heise  Bourdon  tuba-type  pressure  gauge.7 
Either  quartz  or  sapphire  tubee  or  Teflon- FEP  ampule*,  equipped  with 
ttainleaa  eteei  valves,  were  used  as  reaction  vtaacls.  The  line*  end  other 
hardware  uaad  were  paaivated  with  OF,  and,  if  HF  was  to  be  used,  with 
HF.  Nonvolatile  or  marginally  volatile  materials,  such  a*  SbF,  end  CrF,, 
were  handled  in  the  dry  Nj  atmoephere  of  a  glovebox.  Antimony  pen- 
tafluoride  waa  added  to  the  reactors  with  a  Teflon-needle  syringe,  and 
CrF*  due  to  its  tackiness  it  ambient  temperature,  was  preferably  handled 
after  it  had  been  cooled  by  liquid  nitrogen.  Metatbetical  reaction  and 


(1)  Permanent  address  Centre  d'Etudm  Nudaairee  dc  Sactay,  IRDI/ 
DESICP/DPC,  91 191  Gif  sur  Yvette,  France. 

(2)  Zetnva.  B.;  Zupan.  3 ;  Slivruk.  J.  J.  Inert  Neel.  Chem.  1971.  33.  3941 

(3)  Brown.  S.  D  ;  Card.  G.  L.  Inoeg  Neel.  Chem.  Lett.  197S,  II.  19 

(4)  Brow*,  s.  D.;  Loehr,  T.  M.;  Card,  G  L.  J  Fluorine  Chem.  1976,  7, 
19. 

(3)  Christa,  K.  O.;  Wilson,  R.  D.,  Goldberg,  I.  B.  Inert-  Chem.  1979.  18. 
2372  tad  references  cited  therein. 

(6)  Chriau.  K.  O  ;  Wilaon.  W  W.;  Wilson.  R.  D  Inorg.  Chem  I9M.  19. 
1494. 

(7)  Chriau.  K.  O .  Wilaon,  R.  D .  Schack.  C.  3  Inorf.  Symh..  in  press 


solvolysis  studies  were  carried  out  in  HF  solution  by  using  an  apparatus 
oonsjiling  of  two  Teflon- FEP  U-traps  interconnected  through  a  coupling 
conuining  a  porous  Teflon  filter.' 

High-pressure,  high-temperature  reactions  were  carried  out  in  93-  or 
1000-cm’  Monel  cylinders  equipped  with  Monel  valves.  The  loaded 
cylinders  were  placed  into  an  oven  set  at  the  desired  reaction  temperature. 
Decomposition  studies  were  carried  out  in  a  sapphire  reactor  (Tyco  Co  ) 
The  reactor  was  connected  to  a  suinleu-stccl  valve  by  a  Swagelok  com¬ 
pression  fitting  using  Teflon  ferrules.  The  reactor  was  heated  by  im¬ 
mersion  into  a  stirred  oil  bath. 

Infrared  spectra  were  recorded  in  the  range  4000-200  cm"'  on  a 
Perkin-Elmcr  Model  283  spectrophotometer.  Spectra  of  solids  were 
obtained  by  using  dry  powders  preseed  between  AgCI  or  AgBr  windows 
in  an  Econo  press  (Barnes  Engineering  Co  ).  Spectra  of  gases  were 
obtained  by  using  1  Teflon  cell  of  5 -cm  path  length  equipped  with  AgCI 
windows.  Raman  spectra  were  recorded  on  either  a  Cary  Model  83  or 
a  Spex  Model  1403  spectrophotometer  using  the  488-nm  exciting  line  of 
an  Ar  ion  laser  or  the  647. 1 -nm  exciting  line  of  a  Kr  ion  laser,  respec¬ 
tively.  Sealed  quartz.  Teflon- FEP,  or  sapphire  tuba  were  used  as  sample 
containers  in  the  transvenc-vicwing-transverse-cxciution  mode  A 
previously  described'  device  was  used  for  recording  ihe  low-temperature 
spectra.  The  "F  NMR  spectra  of  the  samples  contained  in  scaled. 
5-mm-o.d.  Teflon- FEP  tubes  (Wilmad  Glass  Co.)  were  recorded  at  84  6 
MHz  on  a  Varian  Model  EM390  spectrometer  equipped  with  a  varia¬ 
ble-temperature  probe.  X-ray  diffraction  patterns  of  the  powdered  sam- 
(*»  in  sealed  0.5-mm  quartz  capillaria  were  obtained  by  using  a  General 
Electric  Model  XRD-6  diffractometer,  Ni-fllterad  Cu  Ka  radiation,  and 
a  1 1 4  6- mm -diameter  Philips  camera. 

Elemental  analyses  were  performed  by  Mikroanalytische  Laborato- 
hen,  Elbach,  Wat  Germany. 

Materials  Literature  method*  were  used  for  the  synthesa  of  NF.. 
SbF,.'4  KrF]."  KrFSbF*"  and  FNO"  and  for  the  drying  of  HF  * 
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Nitrogen  trifluoridc  (Rocketdyne),  F,  (Air  Products),  NO,  Oj,  CIF,, 
Clj  (Matheson),  CrF,,  SbF,,  AsF,  (Ozark  Mahoning),  CrF,-3HjO 
(Baker  and  Adamson),  and  Cr  powder  (Sargent,  100  mesh)  were  com¬ 
mercially  available.  Anhydrous  CrF,  was  also  obtained  by  dehydrating 
the  hydrate  at  200  *C.  The  purity  of  the  volatile  compounds  was  checked 
by  vibrational  spectroscopy  prior  to  use  and.  where  necessary,  improved 
by  fractional  condensation.  The  CFC1,  (Du  Pont)  was  dried  by  storage 
over  P,0,  and  transferred  by  distillation  without  further  purification. 

Synthesis  of  CrF,.  It  was  found  that  the  synthesis  of  CrF,  can  be 
carried  out  under  reaction  conditions  milder  than  those  previously  re¬ 
ported.1’  In  a  typical  preparation.  CrF,  (91.7$  mmol)  was  loaded  in  the 
dry  bo*  into  a  prepassivated  l-L  Monel  high-pressure  reactor.  The  re¬ 
actor  was  connected  to  the  vacuum  line,  and  F,  (947.66  mmol)  was  added 
at  -196  *C.  After  65  h  at  260  *C,  the  remaining  F,  was  removed  at  -196 
*C.  and  CrF,  (84.88  mmol,  92.3%  yield  based  on  CrF,)  was  pumped  off 
at  60-100  "C  and  trapped  in  a  U-tube  maintained  at  -78  °C. 

Attempts  to  fluorinatc  Cr  powder  with  CIF,  in  HF  solution  at  room 
temperature  for  16  h  were  unsuccessful,  even  in  the  presence  of  2  atm 
of  F,.  and  the  Cr  powder  was  quantitatively  recovered. 

Prepara  boa  of  NF.CrF,.  A  mixture  of  CsF  (10  11  mmol)  and  NF,- 
SbF,  ( 10. 1 5  mmol)  was  loaded  in  the  drybox  into  half  of  a  prepassivated 
Teflon  doublc-U  metathesis  apparatus.1  Dry  HF  (~8  mL)  was  added 
on  the  vaccum  line  to  the  half  containing  NF«SbFt-CtF,  and  the  re¬ 
sulting  mixture  was  stirred  for  30  min  at  2$  *C.  After  this  mixture  and 
the  filter  were  cooled  to  -78  *C.  the  metathesis  apparatus  was  inverted 
and  the  resulting  solution  of  NF4HF,  in  HF  was  filtered  into  the  other 
half  of  the  apparatus.  Part  of  the  HF  solvent  was  pumped  off  during 
warm-up  toward  0  °C  until  the  first  signs  of  decomposition  of  NF4HF, 
were  noted.  The  apparatus  was  then  cooled  to  -196  *C  and  taken  into 
the  drybox  and  CrF,  ($.34  mmol)  added  to  it.  The  apparatus  was 
reattached  to  the  vacuum  line  and  warmed  to  room  temperature.  The 
HF  solvent  and  the  excess  of  NF4HF,  were  pumped  off  successively  for 
2  h  at  2$  *C  and  4$  min  at  40  *C.  Since  the  weight  and  the  infrared 
spectrum  of  the  solid  residue  still  indicated  the  presence  of  bifluoride 
species,  the  solid  was  transferred  to  a  sapphire  tube  and  heated  in  a 
dynamic  vacuum  for  2  h  at  9$  *C.  The  resulting  deep  red,  solid  residue 
( 1 .5  g,  corresponding  to  s  quantitative  yield  based  on  CrF,)  was  shown 
by  vibrational  spectroscopy  to  consist  mainly  of  NF4CrF4  with  small 
amounts  of  SbF,'  as  the  only  detectable  impurity.  On  the  basis  of  its 
elemental  analysis,  the  product  had  the  following  composition  (mol  %): 
NF4CrFv  96.3,  CsSbFfc  3.7.  Anal.  Calcd  for  the  NF.CrF,  (96.3%)- 
CsSbF,  (3.7%)  mixture:  Cr.  19.25;  F.  71.96;  Cs,  188;  Sb.  1.73.  Found: 
Cr,  19.69:  F.  70.15;  Cs,  190;  Sb,  1.79. 

The  filter  cake  from  the  mctatbctical  preparation  of  the  NF4HF, 
solution  consisted  of  3.6806  g  of  CsSbF,  (weight  calculated  for  10.1 13 
mmol  of  CsSbF,  3.7281  g).  identified  by  its  Raman  and  infrared  spectra. 

DacamgaaMon  Study  of  NF^rF*.  The  compound  was  heated  stepwise 
from  75  to  145  *C  in  a  sapphire  tube  in  a  dynamic  vacuum.  Traps  kept 
at  -78  and  -210  *C  were  used  for  collecting  CrF,  and  NF,.  respectively. 
A  pyrolysis  temperature  of  125  *C  was  required  for  the  slow  evolution 
of  CrF,  and  NF,.  The  vibrational  spectra  of  the  solid  residue  at  the  end 
of  the  incomplete  pyrolysis  showed  no  significant  changes,  indicating  that 
NF.CrF,  does  not  undergo  a  stepwise  decomposition  to  salts  containing 
polyanions. 

R section  of  NF,  and  F,  with  CrF,  or  CrF,.  CrF,,  when  heated  in  a 
high-pressure  Monel  cylinder  with  a  twofold  excess  of  NF,  and  a 
threefold  excess  of  F,  at  an  autogenous  pressure  of  100  atm  to  260  *C 
for  45  h.  was  converted  to  CrF,  in  high  yield  without  any  NF,  uptake. 
Heating  of  the  resulting  CrF,  with  a  fivefold  excess  each  of  NF,  and  F, 
for  140  *C  for  6  days  and  subsequently  to  125  *C  for  41  days  did  not 
produce  any  detectable  amounts  of  NF,CrF, 

Synthesis  of  NOCrF,.  CrF,  (2  06  mmol)  was  loaded  into  a  Teflon- 
FEP  ampule  in  the  drybox  The  ampule  was  connected  to  the  vacuum 
line,  and  anhydrous  HF  (1.8  mL.  liquid)  was  added  at  -196  °C  The 
CrF,  only  partially  dissolved  in  the  HF  at  room  temperature,  resulting 
m  a  light  red-brown  solution  FNO  (2.21  mmol)  was  added  to  the 
ampule  at  -196  *C,  and  the  mixture  was  slowly  warmed  to  room  tem¬ 
perature.  resulting  m  a  dark  purple  solution.  All  volatile  material  was 
pumped  off  at  room  temperature,  leaving  behind  a  dark  red-brown  solid 
(0  399  g,  weight  calculated  for  2  06  mmol  of  NOCrF,  0  404  g),  which 
was  identified  by  vibrational  spectroscopy  and  elemental  analysis  as 
NOCrF,  Anal  Calcd  for  NOCrF,  N.  7  15.  Cr.  26  53.  F.  58  16,  O, 
8  16  Found  N,  6  90.  Cr.  26  30;  F.  58  10;  O  (by  difference).  8  70 
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Synthesis  of  (NO)jCrF,.  In  a  Teflon-FEP  ampule  NOCrF,  (2.03 
mmol)  was  dissolved  in  anhydrous  HF  (96.5  mmol),  and  NO  (2.03 
mmol)  was  added  at  - 1 96  *C.  The  mixture  was  wanned  to  room  tem¬ 
perature  for  several  hours.  All  material  that  was  volatile  at  room  tem¬ 
perature  was  pumped  off  until  the  solid,  yellow-brown  (pink  when  finely 
ground)  residue  showed  a  constant  weight  (0.456  g;  weight  calculated 
for  2.03  mmol  of  (NO)jCrF,  0.459  g).  The  material  was  identified  as 
(NO^CrF,2-  by  vibrational  spectroscopy  Anal.  Calcd  for  (NO), CrF,. 
Cr,  23.01;  F,  50.44.  Found:  Cr.  22.8;  F,  50.2 

Synthesis  of  NOCrF,.  A  sample  of  (NO), CrF,  (0.885  mmol)  was 
heated  in  a  sapphire  tube  to  1 30  *C  in  a  dynamic  vaccum  until  a  constant 
weight  (0.157  g;  weight  calculated  for  0.885  mmol  of  NOCrF,  0.157  g) 
was  obtained.  The  volatile  material  consisted  of  FNO.  and  the  solid, 
brown  residue  was  identified  by  vibrational  spectroscopy  as  NO*CrF,~ 
Attempts  to  convert  NOCrF,  to  CrF,  by  vacuum  pyrolysis  at  higher 
temperatures  resulted  in  sublimation  of  the  NOCrF,  without  decompo¬ 
sition. 

The  CIF, -CrF,  System.  In  a  flamed-out  quartz  tube  CIF,  (12.22 
mmol)  was  condensed  at  -196  °C  onto  CrF,  (2  04  mmol).  A  deep 
red-brown  solution  was  formed  on  warming  the  reaction  mixture  to  25 
•C.  The  tube  was  cooled  to  -78  *C  and  material  volatile  at  -78  *C  was 
pumped  off  for  7  h.  On  the  basis  of  the  weight  increase  of  the  tube,  the 
CrF,  had  retained  0.195  mmol  of  CIF,.  The  Raman  spectrum  of  this 
mixture,  recorded  at  -130  *C,  showed  only  bands  due  to  solid  CIF,  and 
solid  CrF,. 

The  Cl, -CrF,  System.  A  mixture  of  CrF,  (5.44  mmol)  and  Cl,  (2  68 
mmol)  was  heated  in  a  sapphire  tube  to  127  *C  for  57  h.  On  the  basis 
of  the  observed  material  balance  and  infrared  spectra  of  the  solid  residue, 
only  49%  of  the  CrF,  was  reduced  to  CrF,.  Heating  to  higher  temper¬ 
atures  resulted  in  a  complete  reduction  of  CrF,  but  also  in  the  formation 
of  some  CrF,  as  a  byproduct.  Thus,  heating  of  CrF,  (4.71  mmol)  and 
Cl,  (2.44  mmol)  to  185  *C  for  20  h  produced  0.6034  g  of  a  brown  solid 
(weight  calculated  for  4.71  mmol  of  CrF,  0.6031  g)  and  CIF  (3  99  mmol) 
and  CIF,  (about  0.3  mmol).  Although  the  Cr  analysis  of  the  solid 
product  was  close  to  that  expected  for  CrF,  (calcd  40.62;  found  40  42), 
its  X-ray  powder  pattern  and  infrared  spectrum  showed  the  presence  of 
some  CrF,. 

The  KrFShF,-CrF,  and  KrFShF,-CrF,-HF  Systems.  In  a  sapphire 
tube  a  mixture  of  KrFSbF,  (1.09  mmol)  and  CrF,  (1.96  mmol)  was 
warmed  to  the  melting  point  of  CrF,  (34  °C),  at  which  point  gas  evo¬ 
lution  started.  On  the  basis  of  the  observed  material  balance  and  vi¬ 
brational  spectra,  all  KrFSbF,  had  decomposed  to  Kr.  F,.  and  SbF,  but 
no  oxidation  of  CrF,  to  CrF,  had  occurred.  Similar  results  were  obtained 
when  this  reaction  was  repeated  in  HF  solution. 

The  CrF,-H,0-HF  System.  A  Teflon-FEP  ampule  containing  a 
Teflon-coated  magnetic  stirring  bar  was  loaded  in  the  drybox  with  CrF, 
(2.58  mmol),  and  HF  (2.19  mmol)  was  added  on  the  vacuum  line.  The 
ampule  was  taken  to  the  drybox  and  cooled  to  -196  "C,  and  a  preweighed 
amount  of  H,0  (2.58  mmol),  scaled  in  a  Teflon  tube,  was  added  by 
cooling  the  tube  to  -196  *C,  cutting  it  open,  and  placing  it  inside  the 
ampule.  The  ampule  was  dosed,  evacuated  at  -196  °C.  and  kept  at  25 
*C  for  20  h  with  stirring.  A  pink  solid  and  an  orange-pink  solution  were 
formed.  Removal  of  all  volatile  material  at  25  °C  in  a  dynamic  vacuum 
resulted  in  the  formation  of  a  brownish  solid  residue,  which  was  identified 
as  CrF,0  by  its  vibrational  spectrum,  elemental  analysis,  and  X-ray 
powder  diffraction  pattern." 

Reaction  of  CrF,-ShF,  with  O,.  The  reaction  between  CrF.-nSbF, 
and  O,  was  conducted  in  a  manner  similar  to  that  reported  by  Gard  et 
a!.,*  except  that  it  was  carried  out  in  a  45-mL  Teflon-FEP  ampule  A 
mixture  of  CrF,  (2.37  mmol)  and  SbF,  (6.54  mmol)  was  dynamically 
pumped  at  room  temperature  in  an  attempt  to  reach  the  previously 
reported*  CrF.-2SbF,  composition.  The  pumping  had  to  be  stopped 
before  reaching  this  composition  since  CrF,  was  removed  together  with 
SbF,.  At  this  stage  with  the  assumption  that  only  minor  amounts  of  CrF, 
had  been  removed,  the  molar  ration  of  SbF,:CrF,  approximated  247  l 
Oxygen  (4  736  mmol)  was  then  admitted  into  the  ampule  at  -196  *C 
When  the  mixture  was  warmed  to  room  temperature,  a  pale  yellow-green 
solid  was  formed.  On  the  basis  of  the  observed  O,  material  balance, 
about  I  mol  of  O-  was  taken  up  per  I  mol  of  CrF,  No  significant  loss 
of  mast  was  observed  by  dynamic  pumping  on  the  solid  at  room  tern- 
perature  for  I  h  The  presence  of  Oj*Sb,Fn'  in  the  solid  product  was 
established  by  Raman  spectroscopy  and  its  X-ray  powder  diffraction 
pattern ." 

Reaction  of  CrF, -SbF,  with  NF,.  Chromium  pentafiuoride  i29  30 
mmol)  was  combined  in  a  Teflon-FEP  ampule  with  SbF.  (59  05  mmol) 
The  mixture  was  outgassed  by  repeated  pumping  at  -78  *C.  followed  by 
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Figvev  1.  Vibrational  spectra  of  solid  NF.CrF,  traces  A  and  B,  infrared  spectra  of  the  powder  it  25  *C  pressed  between  AgCI  and  AgBr  disks, 
respectively;  traces  C  and  O.  Raman  spectra  of  the  solid  recorded  at  *130  *C  with  617  1 -tun  natation  at  two  different  sensitivity  levels,  respectively 
The  listed  assignments  arc  baaed  on  space  (roup  Td  for  NF,*  (N)  and  O,  for  CrF,'  (C). 


wanning  to  25  ®C.  The  solution  was  then  magnetically  stirred  and 
preasariaadwitbaboni2atmof  NF|gaa  No  significant  NF,  uptake  was 
noticed  after  |  h  at  room  temperature  and  I  hour  at  60  ®C.  All  other 
attempts  to  react  CrF, -SbF,  with  NF,.  such  as  those  using  longer  re¬ 
action  times,  increased  NF,  pressures,  and  liquid  HF  aa  a  solvent,  were 
equally  unauccemful. 

Raacdaa  ef  CrF,-SbF,  wMh  CFCI,.  CFCI,  (10.21  mmol)  was  con¬ 
densed  at  -196  ®C  onto  a  mixture  of  CrF,  (1.45  mmol)  and  SbF,  (I  56 
mmol)  in  a  Teflon-FEP  ampule.  When  the  mixture  was  warmed  to  25 
*C.  a  brown  precipitate  was  formed,  together  with  chlorine  at  evidenced 
by  the  yellow  color  of  the  CFCI,  solution  An  amorphous,  yellow-green, 
solid  residue  was  obtained  after  pumping  off  the  volatile  material  at  25 
*C.  The  "F  NMR  spectrum  of  the  volatiles  showed  that  part  of  the 
CFCI,  had  been  fluorinated  to  CF,CI,.  CF,CI.  and  CF,. 

When  this  reaction  was  repeated  in  the  absence  of  SbF,  with  a  20-fold 
exceaa  of  CFCI*  the  main  products  were  Cl,.  CCl*  or  CF,C1,,  and 
CF,CI.  An  amorphous,  brownish,  solid  reaiduc  was  obtained  whose  Cr 
analysis  corresponded  closely  to  the  value  expected  for  CrF,.  Anal. 
Caicd  for  CrF*  Cr.  40.62.  Found:  Cr.  40.55 

Bsartl an  ef  CrFy-AsF,  wMh  O,.  Equimolar  amounts  of  AsF,  and 
CrF,.  when  combined  in  a  Teflon-FEP  ampule,  formed  a  deep  red  so¬ 
lution  at  -71  *C  and  did  not  undergo  a  visible  reaction  on  warm-up  to 
25  *C.  Upon  addition  of  a  threefold  exceaa  of  O,  at  -196  *C  and 
subsequent  repeated  temperature  cycling  between  -7g  and  +25  *C.  a 
rust-colored  solid  formed  that,  on  the  basis  of  its  infrared  spectrum  and 
X-ray  powder  diffraction  pattern,  contained  0]*AsF,' "  in  addition  to 
some  unidentified  material. 

Raaadts  and  Diecuneion 

Synthesis  sad  Characterization  ef  NF,CrF,.  Since  CrF,  is  a 
relatively  strong  and  volatile  Lewis  acid,  the  direct  synthesis"  of 
NF,CrF,  from  NF,,  F2,  and  CrF,  at  elevated  temperature  and 
pressure  seemed  feasible.  However,  our  attempts  using  conditions 
(125  ®C,  100  atm,  41  days)  similar  to  those*  that  previously  had 
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been  successful  for  NF.AsF,  failed.  Since  NF.CrF,  is  marginally 
stalde  at  125  ®C  (sec  below),  the  failure  of  the  high-tempera- 
ture  -high-preMue  method  appean  not  to  be  caused  by  insufficient 
therm.' I  stability  of  the  NF,CrF,  final  product.  On  the  basis  of 
similar  experiences  with  other  relatively  stable  NF,*  salts,  such 
as  NF,BF,  or  NFJ*F^  the  failure  of  the  direct  thermal  synthesis 
methods  for  these  compounds  might  be  attributed  to  the  inability 
of  the  corresponding  Lewis  acids  to  stabilize,  under  the  given 
reaction  conditions,  the  required  NF,*  radical  cation  interme¬ 
diate.12 

Since  NF,CrF,  could  not  be  obtained  by  direct  thermal  syn¬ 
thesis,  indirect  methods"  were  investigated.  It  was  found  that 
the  reaction  of  NF,HF2*  with  CrF,  in  HF  solution  affords 
NF,CrF,  in  essentially  quantitative  yield: 

HF 

NF,HFj  +  CrF, - ►  NF,CrF,  +  HF  ( I ) 

The  use  of  an  excess  of  NF,HF2  in  this  reaction  is  advantageous 
to  ensure  complete  conversion  of  the  CrF,.  Since  NF,HF2  is 
thermally  unstable,  decomposing  above  room  temperature  to 
gaseous  NF,.  F2.  and  HF.‘  its  excess  can  easily  be  removed  from 
the  solid  NF«CrF,  product  by  pumping  at  25-100  ®C. 

The  NF,CrF,  salt  is  a  deep  red,  crystallinic  solid,  stable  in  a 
dynamic  vacuum  to  about  1 20  ®C.  It  starts  to  decompose  slowly 
at  1 25  ®C  to  NF,,  F2,  and  CrF,.  No  species  such  as  NF,Cr2F| ,. 
(NF,)2CrF,.  or  CrF,  was  observed  when  the  compound  was 
gradually  pyrolyzed  under  pumping  at  temperatures  ranging  from 
125  to  145  ®C.  In  HF  at  23  ®C  the  NF,CrF,  salt  is  highly  soluble 
at  a  rate  of  6.39  g  of  NF,CrF,/g  of  HF. 

The  ionic  nature  of  NF,CrF,.  both  in  the  solid  state  and  in  HF 
solution,  was  verified  by  vibrational  and  "F  NMR  spectroscopy. 
The  Raman  and  infrared  spectra  of  the  solid,  together  with  the 
observed  frequencies  and  assignments  for  tetrahedral  NF,*  ( Td)'-' 
and  octahedral  CrF,'  (0»),  are  shown  in  Figure  I  The  splittings 
into  the  three  degenerate  components  observed  for  v,(F2)  of  NF,* 
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Figure  2.  Vibrational  spectra  of  solid  NOCrF*.  trace  A.  infrared 
spectrum  of  the  powder  pressed  between  AgBr  disks;  trace  B.  low-tem¬ 
perature  Raman  spectrum. 


FltenX  Vibrational  spectra  of  solid  (NO)2CrF4:  trace  A,  infrared 
spectrum:  trace  B,  Raman  spectrum. 


in  the  Raman  spectrum  are  due  to  solid-state  effects  and  are 
frequently  observed  for  NF4*  salts.21  For  CrF*',  only  the  two 
infrared-active  modes,  rj(F,J  and  »*(F,.),  have  previously  been 
reported  for  their  Cl*  and  N02*  salts.4  In  spite  of  the  broadness 
of  the  observed  bands  and  the  associated  difficulty  in  choosing 
their  band  centers,  the  previously  reported  frequencies  (CsCrF, 
»j  -  600,  »4  -  295  cm*1;  NOjCrF.  »j  -  600.  ,4  -  275  cm1)4  are 
in  poor  agreement  with  our  values  for  NF4CrF,  and  NOCrF*  (see 
Figures  1  and  2).  The  results  of  a  normal-coordinate  analysis 
for  CrF*"  are  given  below. 

The  Raman  spectrum  of  NF4CrF*  in  HF  solution  at  ambient 
temperature  shewed  only  minor  shifts  from  the  spectrum  of  the 
solid  for  the  bands  due  to  NF4*  (»!  ■  854,  r,  ■  612,  r2  ■  446 
cm'1)  but  showed  shifts  to  significantly  higher  frequencies  for  the 
bands  due  to  CrF*'  (»,  -  649—678.  r,  -  305—348  cm'1).  These 
shifts,  together  with  the  surprisingly  high  solubility  of  NF4CrF, 
in  HF  (see  above)  and  the  '*F  NMR  observations  (see  below), 
suggest  strong  interaction  between  CrF*'  and  the  HF  solvent. 

The  **F  NMR  spectrum  of  NF*CrF*  in  HF  solution  at  29  "C 
showed  a  triplet  of  equal  intensity  at  4  -  215.2  with  ./m*^  >118 
Hz,  characteristic20-"  for  NF4*.  A  very  broad  line  centered  at 
<t>  »  -1 36  was  assigned  to  the  HF  solvent  in  exchange  with  CrF*', 
which  contains  a  paramagnetic  Cr(V)  central  atom. 

The  X-ray  powder  diffraction  pattern  of  NF4CrF*  was  recorded 
and  is  given  as  supplementary  material.  The  observed  pattern 
is  very  complex  and  could  not  be  indexed,  suggesting  that  NF4CrF* 
is  not  isotypic  with  the  previously  known  tetragonal  NF4MF*-type 
(M  ■  P,  As,  Sb,  Bi)  salts.22 

Synthesis  and  Characterization  of  NOCrF,,  (NO)jCrF*,  and 
NOCrF,.  Before  this  study,  only  two  CrF*'  salts  had  been  known, 
i.e.  CsCrF*  and  NOjCrF*.4  It  was  now  found  that,  in  addition 
to  NF4CrF*  (see  above),  CrF,  also  forms  a  stable  1:1  adduct  with 
FNO.  When  stoichiometric  amounts  of  CrF,  and  FNO  are 
combined  in  HF  solution,  the  compound  NOCrF*  is  formed: 

HF 

FNO  +  CrF, - *  NOCrF,  (2) 
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The  deep  red  solid  is  stable  at  room  temperature  and  sublimes 
at  higher  temperatures.  Its  X-ray  powder  diffraction  pattern 
(given  as  supplementary  material)  is  too  complex  for  indexing  and 
strongly  differs  from  that  of  cubic  NO*AsF,~."  This  is  a  further 
confirmation  that  CrF,'  salts  appear  not  to  be  isotypic  with  their 
corresponding  main  group  meul(V)  salts. 

The  ionic  nature  of  solid  NOCrF*  was  established  by  vibrational 
spectroscopy  (see  Figure  2).  The  infrared  and  Raman  spectra 
clearly  show  a  band  at  about  2310  cm'1  characteristic  for  the  NO 
stretching  mode  of  the  NO*  cation,"-24  in  addition  to  the  bands 
characteristic  for  the  CrF*'  anion  (see  above). 

When  an  HF  solution  of  NOCrF,  was  treated  with  a  stoi¬ 
chiometric  amount  of  NO,  the  CrvF*'  anion  was  reduced  to 
CHVF*2-,  resulting  in  the  formation  of  the  new  (NO)2CrF*  salt: 

HF 

NOCrF,  +  NO - ►  (NO)2CrF,  (3) 

This  salt  is  a  yellow-brown  (pink  when  finely  ground),  crystal  link: 
solid  that  is  stable  at  room  temperature  but  decomposes  in  a 
dynamic  vacuum  at  1 30  °C.  Its  X-ray  powder  diffraction  pattern 
is  given  as  supplementary  material.  The  ionic  nature  of  (N- 
0)2CrF,  was  established  by  vibrational  spectroscopy  (see  Figure 
3).  The  NO*  stretching  mode  is  again  observed  around  2300 
cm'1,  with  the  slightly  lower  frequency,  when  compared  to  that 
of  NOCrF*,  being  due  to  the  presence  of  a  doubly  charged 
counterion.  The  bands  due  to  CrF*2-  are  similar  to  those  of  CrF*' 
but  are  shifted  to  slightly  lower  frequencies.  This  frequency  shift 
is  caused  by  the  increased  negative  charge  of  the  anion  (see  the 
normal-coordinate  analysis).  On  the  basis  of  the  number  of  bands 
and  their  relative  intensities,  it  appears  safe  to  conclude  that  CrF*:' 
is  also  octahedral.  The  results  of  a  normal-coordinate  analysis 
for  CrF*2'  ate  given  below. 

Although  the  synthesis  of  K2CrF*  has  been  reported  as  early 
as  1950,"  very  little  is  known  about  the  CrF,2'  anion.26-27 
Furthermore,  the  reported  syntheses  involving  the  fiuorination  of 
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Figure  4.  Vibrational  spectra  of  solid  NOCrF,:  trace  A.  infrared 
spectrum;  trace  B,  Raman  spectrum. 


Figure  J.  Infrared  spectra  of  liquid  SbF,.  CrF,,  and  their  mixtures  at 
35  *C  between  AgCI  disks. 

either  a  mixture  of  KCI  +  CrClj  with  F2  or  a  mixture  of  KC1  + 
CrF4  with  BrFj  yielded  products  that  varied  in  com  position. 2527 
Therefore,  the  above  described  synthesis,  based  on  the  readily 
accessible  and  purillable  CrF,,  FNO,  and  NO.  offers  a  superior 
route  to  CrF4J"  salts  of  excellent  purity,  as  shown  by  the  Raman 
spectrum  of  (NO)jCrF*  in  Figure  3. 


raeouHvcv.  cm'1 

Figure  4.  Raman  spectra  of  liquid  SbF,.  CrF,-2SbF,,  and  CrF,  (at  35 
•C)  and  of  solid  CrF,  (at  -130  *C). 

When  a  sample  of  (NO)2CrF6  was  subjected  to  vacuum  py¬ 
rolysis  at  1 30  °C,  the  following  stepwise  decomposition  occurred 
resulting  in  the  formation  of  NOCrF,.  another  new  compound: 

(NO)jCrF,  'y>‘C-  NOCrF,  +  FNO  (4) 

This  salt  is  a  brown,  crystailinic  solid  that  sublimes  above  1 30 
°C  without  further  decomposition,  thus  preempting  the  use  of  its 
pyrolysis  as  a  method  for  the  preparation  of  CrF4.  The  X-ray 
powder  diffraction  pattern  of  NOCrF,  is  given  as  supplementary 
material.  The  ionic  nature  of  NOCrF,  was  established  by  vi¬ 
brational  spectroscopy  (see  Figure  4),  which  showed  the  presence 
of  the  NO*  cation  (•* 0  at  about  2320  cm'1).  On  the  basis  of  the 
general  similarity  of  the  CrF,'  bands  to  those  observed  for  several 
GeF,'  salts,21-3  a  polymeric  cis- fluorine- bridged  structure  appears 
most  likely  for  CrF,'. 

Lewis  Add  Strength  of  CrF,.  On  the  basis  of  a  previous  report, 
CrF,  is  amphoteric,  forming  adducts  with  the  Lewis  bases  CsF 
and  FNO]  and  the  Lewis  acid  SbF,.4  The  Lewis  acid  character 
of  CrF,  was  confirmed  by  the  results  of  this  study,  which  showed 
that  CrF,  forms  stable  NO+CrFt'  and  NF4*CrF4'  salts. 
Therefore,  CrF,  must  be  considered  a  relatively  strong  Lewis  acid. 
However,  it  is  significantly  weaker  than  AsF,,  as  shown  by  the 
fact  that,  even  at  -78  °C,  CrF,  does  not  form  a  stable  adduct  with 
ClFj,  white  CIF2+AsF4'  is  marginally  stable  at  ambient  tem¬ 
perature.50  Similarly,  attempts  failed  to  prepare  a  KrF^CrF,,' 
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NF4CrF4  and  CrF5 


TaMa  I-  Vibrational  Frequencies  and  Modified  Valence  Force  Fields'  of  CrF4*  and  CrF4 

I- 

assign  in  point  group  O, 

freq,  cm"1 

CrF4* 

CrF,2* 
(NO), CrF, 

force  const,  mdyn/A 

NOCrF4 

NF4CrF4 
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CrF." 

CrF.2" 

At,  »i 

r„  in  phase 
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649 

649 
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F, ,  -/,  +  4/„  +  /„ 
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E,  rt 

out  of  phase 
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548 
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0.2623 
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308 
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0.2654 

0.2485 

fr 

3.416 

3  077 

/, 

0.248 

0.183 

!» 

0.308 

0  329 
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salt  from  KrF2  and  CrFs  in  either  the  presence  or  absence  of  HF 
as  a  solvent.  For  comparison,  KrF"*'AsF4*  is  well-known  and 
decomposes  only  slowly  at  room  temperature.11 

Although  a  distinct  CrF,-2SbF,  adduct,  formulated  as  CrF,- 
SbjFn,  has  previously  been  reported,4  we  could  not  verify  the 
existence  of  such  an  adduct.  Attempts  to  reach  this  composition 
through  vaporization  of  SbF,  from  CrF,  solutions  in  an  excess 
of  SbF),  as  well  as  vibrational  spectra  (see  Figures  S  and  6),  failed 
to  give  any  evidence  for  a  definite  compound  and  resulted  in  the 
simultaneous  removal  of  both  components.  In  our  opinion,  the 
spectra  of  these  CrFs-SbFj  mixtures  are  best  interpreted  in  terms 
of  intersolutions  of  the  two  compounds,  with  the  observed  changes 
in  the  spectra  being  due  to  different  degrees  of  mixed  fluorine 
bridging  between  the  individual  components.  This  view  is  also 
supported  by  the  fact  that  the  viscosity  of  SbFj  is  strongly  de¬ 
creased  by  the  dissolution  of  the  highly  polymeric  CrFs.  If  a 
predominantly  ionic  CrF^SbjF,,  adduct  were  formed,  an  increase 
in  viscosity  or  formation  of  a  solid  would  be  expected.  Liquid  AsF, 
was  found  to  be  also  an  excellent  solvent  for  CrFs,  resulting  in 
dark  brown  solutions  of  low  viscosity. 

Oxidation  Reactions  with  CrF5.  Oxidation  reactions  involving 
either  neat  CrFj  or  CrF5-Lewis  acid  (SbF,  or  AsF,)  mixtures 
were  carried  out  to  determine  its  relative  oxidative  power.  It  was 
found  that  neat  CrF,  does  not  oxidize  C1F,  to  CIF,.  Furthermore, 
even  in  the  presence  of  F2,  it  does  not  oxidize  02  to  02+  at  30  °C 
and  NF,  to  NF4*  at  123  °C.  It  is  capable,  however,  of  oxidizing 
Cl2  to  CIF  at  120  ®C  and  CFC1,  to  Cl2  and  a  mixture  of  CF2C12, 
CFjCl,  and  CF4  at  room  temperature.  In  both  reactions,  CrF, 
is  reduced  to  lower  valent  chromium  fluorides.  Some  brown  solid, 
presumably  CrF,.27-35  could  be  sublimed  from  the  crude  CrF,  + 
Cl2  reaction  product  in  a  static  vacuum  at  183  °C.  The  subli¬ 
mation  residue  was  shown  by  vibrational  spectroscopy  and  X-ray 
powder  diffraction  data  to  contain  also  some  CrF,.  The  brown 
sublimate  showed  a  broad,  strong  Raman  line  at  780  cm*1,  no 
detectable  X-ray  diffraction  lines,  and  two  broad  infrared  bands 
ranging  from  830  to  740  and  640  to  490  cm'1,  respectively.  The 
infrared  spectrum  is  quite  distinct  from  that  of  CrF,,  which  does 
not  exhibit  a  band  in  the  800-cm*1  region.  The  brown  color 
observed  for  our  sample  of  CrF4  is  in  good  agreement  with 
Wartenberg’s  original  report32  and  does  not  confirm  a  subsequent 
report  stating  that  CrF4  is  dark  green  and  that  the  brown  color 
is  due  to  an  oxide  layer  generated  by  exposure  to  air.27 

The  oxidizing  power  of  CrF,  is  significantly  enhanced  by  strong 
Lewis  acids,  such  as  SbF,  and  AsF,.  This  is  not  surprising  and 
is  generally  the  case  for  many  oxidizers.  Thus,  CrF,-2SbF,  has 
been  reported  to  oxidize  02  to  Oj*  at  room  temperature,  and  the 
solid  reaction  product  has  been  formulated  as  0;(CrF4Sb2F,|)4 
We  have  confirmed  this  reaction  and  i* .  approximate  1 : 1  stoi¬ 
chiometry  and  have  identified  the  solid  reaction  product  as  a 
mixture  of  02*Sb2F,,*  and  lower  valent  chromium  fluorides: 

02  +  CrF,-2SbF,  —  02+Sb2FM*  +  [CrF4]  (5) 


Extraction  of  024SbF4*  from  the  product  was  possible  by  treatment 
with  liquid  HF. 

The  oxidation  of  02  to  O,*  can  also  be  achieved  with  CrF, -AsF, 
mixtures  at  or  below  room  temperature.  By  analogy  with  the 
corresponding  SbF,  system,  the  solid  reaction  product  contained 
02*AsF6*. 

Attempts  were  unsuccessful  to  oxidize  NF,  to  NF4*  using 
similar  conditions,  i.e.  pressurizing  liquid  CrF,-2SbF,  with  several 
atmospheres  of  NF,  at  room  temperature.  On  the  basis  of  the 
facts  that  CrF, -Lewis  acid  mixtures  are  capable  of  oxidizing  0: 
and  Xe,4  which  have  ionization  potentials  of  1 2.06  and  1 2. 1 3  eV, 
respectively,  but  cannot  oxidize  NF,  with  an  IP  of  1 3.00  eV,  their 
electron  affinity  or  oxidizing  power  can  be  limited  to  the  relatively 
narrow  range  of  12.13-13.00  eV.  Since  PtF6,  KrF4  salts,  and 
F2-Lewis  acid  mixtures  activated  by  a  suitable  activation  energy 
source  are  all  capable  of  oxidizing  NF,  to  NF/4  under  comparable 
conditions,12  CrF, -Lewis  acid  mixtures  are  a  weaker  oxidizer  than 
any  one  of  these  systems.  On  the  basis  of  the  above  and  previous12 
results,  the  following  order  of  decreasing  oxidizer  strength  can 
be  proposed  for  these  systems:  KrF*  salts  >  PtF,  >  Lewis  acid 
+  F2  +  activation  energy  >  CrF,-Lewis  acid. 

Reactions  of  CrF,  with  either  KrF2  or  KrF4,  salts  were  earned 
out  in  attempts  to  produce  CrF*.  but  so  far  all  attempts  in  this 
direction  have  been  unsuccessful. 

Synthesis  and  Properties  of  CrF,0.  Our  attempts  to  isolate  a 
stable  oxonium  salt  of  CrF6*  according  to 

CrF,  +  H20  +  HF  *  [OH, ‘CrF,"]  (6) 

were  unsuccessful  but  resulted  in  the  formation  of  CrF,0  after 
removal  of  the  HF  solvent:14 

~HF 

[OH,4CrF,*] - *  CrF,0  +  3HF  (7) 

The  intermediate  formation  of  OH,CrF6  was  not  unequivocally 
established  but  appears  very  likely  from  the  observation  of  a  pink 
solid  and  stable  pink  HF  solution.  This  reaction  produces  CrF,0 
in  quantitative  yield  and  is  superior  to  the  previously  reported14 
synthesis,  which  involves  the  reaction  of  CrO,  with  CIF,  followed 
by  multiple  treatments  with  F2  at  120  #C.  The  properties  observed 
for  CrFjO  were  in  good  agreement  with  those  previously  re¬ 
ported.14  The  observed  X-ray  powder  diffraction  pattern  is  given 
as  supplementary  material. 

Normal-Coordinate  Analyses  of  CrF,"  and  CrF,2".  Since  for 
CrF,2*  no  vibrational  spectra  at  all  and  for  CrF,"  only  incomplete 
data4  had  previously  been  reported,  normal-coordinate  analyses 
were  carried  out  for  these  two  anions.  Modified  valence  force 
fields  were  computed,  assuming  a  minimum,  due  to  the  un¬ 
derdetermined  nature  of  the  F|,  block.  On  the  basis  of  a  previous 
study33  and  experience  with  similar  octahedral  ions,34  this  condition 
is  expected  to  be  a  good  approximation  to  a  general  valence  force 
field.  The  observed  frequencies,  their  assignments  in  point  group 
(?,,  and  the  computed  force  constants  are  summarized  in  Table 


(30)  Christe,  K.  O  ;  Pivlath,  A.  E.  Z  A  nor  I  Allg.  Chem  IMS.  333.  210 

(31)  Gillespie.  R.  J.;  Schrobtlgen,  G.  J  Inorg  Chem.  1474.  IS.  22. 

(32)  Wartenberg,  H  V  Z  Anorg  Allg.  Chem.  1441.  24T.  135 


(33)  Sawodny,  W  J  Mot.  Spectrosc  1444.  30.  56 

(34)  Chmte.  K  O  ,  Wilion.  W  W  .  Curtis.  E  C  Inorg  Chem  t4»3.  72. 
3056  and  references  cued  therein. 
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I.  As  expected,  the  Cr-F  stretching  force  constant  /,  decreases 
from  CrF(~  to  CrF42"  due  to  a  bond  weakening  caused  by  the 
increased  Cr**-F*"  polarity  of  the  bonds  in  CrF62". 

Cnaclsrioa  Chromium  pentafluoride  is  a  moderately  strong 
Lewis  acid  capable  of  forming  stable  CrF(~  salts  with  NF,*  and 
NO*.  The  NF/  salt  is  of  particular  interest  as  an  oxidizer  because 
in  it  an  oxidizing  anion  is  combined  with  a  strongly  oxidizing 
cation.  Contrary  to  previous  reports,4  no  evidence  was  found  for 
CrF,  forming  a  distinct,  predominantly  ionic  CrF^Sb^F,,  adduct 
with  SbFj.  The  oxidizing  power  of  CrF)  is  greatly  enhanced  by 
strong  Lewis  acids  but  does  not  match  that  of  PtF*.  Chromium(  V) 
salts  can  selectively  be  reduced  to  Cr(IV)  salts  with  NO.  In  this 
manner  the  new  Cr(IV)  salts  (NO)2CrF4  and  NOCrF)  can  be 
prepared.  Similarly,  CrFs  can  be  reduced  to  mainly  CrF«  with 


either  Cl2  or  CFClj.  Reaction  of  CrFs  with  stoichiometric  amounts 
of  HjO  in  HF  produces  an  unstable  oxonium  salt  that  decomposes 
on  HF  removal  to  CrFjO,  thus  providing  a  convenient  new  syn¬ 
thesis  for  this  compound. 
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Sappieacatary  Material  A  reliable  A  table  of  X-ray  powder  diffrac¬ 
tion  patterns  for  some  Cr-containing  compounds  (1  page).  Ordering 
information  is  given  on  any  current  masthead  page. 
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APPENDIX  I 


Communications 


Cyanmtion  and  Nitndoi  of  Telnene  with  Cyuaiuidi 
mad  Nitnmid*  through  Intermediate  Cyano-  and 
Nltrodituaioo  Iona.  Attempted  Fluorination  of 
Aroma  ties  with  Fluorodiaxonium  Ioa1 

Summary:  Toluono  ia  cyanatod  and  nitrated  with  cyano- 
and  nitrodiazonium  ion,  generated  via  ia  litu  diazotization 
of  cyanamido  and  nitramide,  respectively,  with  NO*BF4‘. 
Attempted  fluorination  with  fluorodiaxonium  ion,  prepared 
from  cu-difluorodiazene  and  arsenic  pentafluoride,  gave 
only  trace  amounts  of  fluoroaromatics. 

Sir:  In  previous  studies  from  our  laboratory  aminodi- 
tzonium  ions  ware  generated  by  pro  Conation  of  hydnzoic 
add  and  alkyl  azides  in  superadds  and  their  ability  for 
■miwtinn  of  aromatics  was  demonstrated.*  In  continu¬ 
ation  of  our  studies  wo  have  found  that  cyanodiazonium 
tetrafluoroborate  (NCN1*BF*J  1)  can  be  generated  in  situ 
by  reaction  of  cyanamido  with  purified  NO+BF4"*  (1:1)  at 
atmospheric  pressure  in  CHjCli  at  0  *C  and  gives  in  the 


presence  of  excess  toluene  (3-fold)  isomeric  tolunitriles  (12 
mol  %  overall  yield).  The  observed  isomer  distribution 
of  tolunitriles  is  49%  ortho,  17%  meta,  and  35%  para, 
close  to  that  obtained  for  anunation  of  toluene  with  am- 
inodiazonium  ion  (46-48%  ortho,  13-14%  meta,  and 
38-39%  para).*  Slightly  better  conversion  was  achieved 
by  using  CHjCN  u  solvent  (14-15%)  in  which  both 
NO*BF4*  and  HtNCN  are  more  soluble. 

In  control  experiments,  whan  NC'BF,'  was  allowed  to 
react  with  cyanamide  in  acetonitrile  at  room  temperature 
in  the  absence  of  toluene,  the  initial  formation  of  a  pale 
yellow  solution  was  followed  by  an  exothermic  reaction 
(temperature  70-80  *C)  with  gas  evolution  (Nj,  BFj), 
suggesting  that  the  initial  formation  of  NCNj*  or  its 
precursor  complex  is  followed  by  rapid  dediazoniation. 
Alternatively,  NCNj*  can  be  *'*>  generated  from  cyan- 
amide  with  thionyl  chloride  and  NO^BF,"  under  argon 
(500  pei)  and  reacted  with  toluene  (50%  ortho,  15%  meta, 
35%  para). 


(U  Onium  ions.  29.  For  port  28,  mc  Laafi.  K.;  Olab,  C.  A  J.  Org. 

Cham.,  is  pram. 

(2)  Mrrtmj,  A.;  Lammanlma,  K.;  Arvaaashi,  M-,  Olab,  G.  A  J.  Am. 
Cham.  Soe.  1)83. 105.  5657. 

(3)  Comm*ra*Uy  availabl*  NO*BF,'  (Aldnch)  ni  purifitd  from  im¬ 
purity  NO,*BF,'  by  rapaatad  araabins  with  dry  banuaa.  Altar  ramovai 
of  solvent  (and  form  ad  nitrobaoxaaa),  tba  tail  waa  avacuatad  in  vacuum. 


We  have  also  found  that  nitrodiazonium  tetrafluoro¬ 
borate  OtN^NawN  BF4*  (2)  can  be  generated  when  a 
freshly  prepared  sample  of  nitramide4  (from  ethyl  carba¬ 
mate  and  amyl  nitrate)  is  allowed  to  react  with  a  molar 
equivalent  of  purified  NO*BF4~  in  CHyClj  at  0  *C.  De- 


v, 


diazoniative  nitration  of  toluene  (4  equiv)  gave  isomeric 
nitro toluenes  in  36%  overall  yield.  The  observed  isomer 
distribution  of  nitrotoluenes  is  71%  ortho,  3.5%  meta,  and 
25.5%  para  and  doeely  resembles  that  of  electrophilic 
nitration  of  toluene  with  strongly  electrophilic  nitrating 
agents,  such  as  nitronium  salts.* 

In  a  control  experiment  when  nitramide  was  added  to 
dry  toluene  in  CHyCl,  under  the  experimental  condition, 
no  nitrotoluenes  were  observed  after  workup  and  GC 
analysis,  ruling  out  any  possible  nitration  of  toluene  by 
nitramide  itself  or  by  nitric  acid  formed  upon  hydrolysis. 

Aromatic  cyanation  via  the  cyanodiazonium  ion  1  is  in 
all  probability  a  concerted  reaction,  as  the  cyanyl  cation 
*CN  is  not  expected  to  be  formed,  but  the  reaction  could 
also  involve  a  radical  cation  pathway.  In  contrast,  dedi- 
azo nation  of  the  nitrodiazonium  ion  2  to  the  nitronium  ion 
is  thermodynamically  favorable  and  thus  it  cannot  be  ex¬ 
cluded  that  its  formation  precedes  nitration  of  aromatics. 

0,NNj*BF4-  -  NO,+BF4-  +  N, 


(4)  (a)  Marti**,  C.  A;  la  Mer,  V.  JC.;  Grwnapan.  J.  Inorg.  Synth.  1939. 
I,  68.  (b)  Nitnmid*  vu  tlao  prepared  by  th*  r« action  of  *c* tamide  (2 
•quiv)  and  NO,*BF,'  (1  *quiv)  in  UoamatbyWn*  »ui/oo«/CH,Cl,  tolutioo 
at  0  *C  for  1  h. 

9 

cmJInm,  *  Ho,'* r.'  —  -1-no,  -  cm, cor  *  *r, 

(5)  For  a  review  oa  aromatic  aitntioo  with  N0,*BF,'  w*:  Olab.  G. 
A;  Naran*.  S.  C.;  Olab,  J.  A  Proe  Natl.  Arad.  Sci.  USA.  1978.  75. 10*5. 
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As  pointed  out  by  a  referee,  one  equimolar  amount  of 
water  ia  also  formed  in  the  diazotization  of  nitramide  which 
will  hydrolyze  nitronium  ion,  and  the  de  facto  nitrating 
agent  may  not  be  the  free  nitronium  ion,  although  it  is  still 
possible  that  it  is  also  involved  in  the  overall  nitration. 

The  ability  of  electronegative  substituents  in  stabilizing 
diazonium  ions  was  also  demonstrated  previously  by  the 
preparation  of  isolable  fluorodiazonium  salts,  such  as 
hexjrfuoroantimonate  and  hexafluoroarsenate,  from  cis- 
difluorodiazene  and  the  strong  Lewis  add  fluorides  SbFj 
or  AaFj.* 

FN— NF  +  AsF,  —  F-N— NAsFr 

ArF  +  HF  +  AsFj 

We  have  in  the  course  of  our  studies  also  attempted 
fluorine tion  of  aromatics  such  as  benzene,  toluene,  and 
nitrobenzene  with  fluorodiazonium  hexafluoroarsenate. 
Clearly  FNt*  is  unable  to  form  F*;  thus,  the  reaction  is 
expected  to  be  that  of  displacement  by  the  aromatics.  The 
reactions  were  carried  out  at  -78  *C  in  anhydrous  hydrogen 
fluoride  solution  with  careful  addition  of  the  solution  of 
the  fluorodiazonium  ion  to  excess  of  the  aromatics.  The 
reaction  was  found  to  be  extremely  exothermic  even  under 
these  conditions,  and  only  trace  amounts  of  fluoro- 
aromatics  were  formed  (analyzed  by  gas-liquid  chroma¬ 
tography  and  NMR  spectroscopy).  The  fluorodiazonium 
ion  thus  seems  to  be  a  very  strong  nTidmng  agent  and  of 
little  practical  value  for  aromatic  fluorination. 

All  reported  reactions  can  be  beat  visualized  as  dis¬ 
placements  of  the  di«nn»ttiTi  ions  by  tba  aromatics,  either 
giving  the  substituted  products  with  simultaneous  evolu¬ 
tion  of  nitrogen  or  by  competing  reaction  an  nitrogen  with 
subsequent  dacampaaition  of  the  intermediately  formed 
aryidinmaium  ions  by  the  counterions  (Le,  cyanide,  nitrite, 
or  fluoride). 
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Synthesis  and  Characterization  of  NF4*BrF4  and 
NF/BcF/T 

Karl  O.  Christe*  and  William  W.  Wilson 
Received  November  IS.  I98S 

Although  the  NF4*  cation  is  known  to  form  wits  with  a  large 
variety  of  anions,  such  as  XFf  (X  ”  H),  XF4‘  (X  ■  B,  Al),  XF," 
(X  -  Ge,  Sn,  Ti),  XF«-  (X  -  P,  As.  Sb,  Bi,  Pt,  Cr),  X,F,r  (X 
•  Sb,  Bi.  Pt),  XF4l*  (X  -  Si,  Ge,  Sn.  Ti,  Mn,  Ni),  XF,‘  (X  - 
W,  U.  Xe),  XF,1-  (X  -  Xe),  XF,0-  (X  -  W,  U),  XO,r  (X  - 
S).  and  X04~  (X  ■  Cl),1  no  salts  are  presently  known  in  which 
the  anion  is  derived  from  a  halogen  fluoride  or  oxyfluoride. 
Previous  attempts2  have  been  unsuccessful  to  prepare  and  isolate, 
for  example,  NF4+XF40“  (X  ”  Br,  Cl),  by  metathesis  according 
to 


(I)  For  a  compilation  of  references  we:  Christe,  K.  O.;  Wilson.  W  W  , 
Schack.  C.  J.;  Wilson.  R.  D.  htorg.  Symk..  in  press. 

(J)  Christe.  K.  O  .  Wilson.  W.  W ;  Wilson.  R  D.  Inert  Chtm  ISPS  19. 
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NF»SbF»  +  CsXF40  CsSbF,,  ♦  NF.XF.O  ( 1 1 

When  HF  was  used  as  a  solvent,  solvolytis  of  CsXF40  occurred 
according  to 

CsXF40  ♦  HF  —  CsHFj  ♦  XF,0  t  2 1 

For  CsCIF40,  substitution  of  HF  by  BrF,  also  resulted  in  a 
displacement  reaction: 

CsCIF40  +  BrF,  —  CsBrF4  ♦  Cir  ,0  1 3 1 

For  CsBrF40  the  analogous  displacement  by  BrF.  was  not  ob¬ 
served,  and  the  observation  of  the  oorract  amounts  of  CsSbF*.  N  F ,. 
Fj,  and  BrF,0  for  reaction  1  indicated  the  possible  formation  of 
NF4*BrF40"  as  an  unstable  intermediate  These  results  en 
couraged  us  to  attempt  tbe  isolation  and  characterization  of 
NF4*BrF40'  and  possibly  NF4*BrF4 

Experiasatal  Section 

Materials.  Literature  methods  were  used  for  the  syntheses  of  SF, 
SbF„l  CsBrF.O,'  and  CtBrF(  *  The  BrF,  ( Mathctoni  *ss  treated  »,th 

(3)  Chnste.  K  O  ;  Wilson.  R  D  .  Curtis.  E  C  kehhnsen  W  Sexsdn, 
W  lnort  Chen i  I9T».  I?.  53 J 

(4)  Chnste,  K  O .  Schack.  C  1  Inert  Ckem  I97P  9  lit: 
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APPENDIX  K 

2.  CHLORYL  FLUORIDE 


6NaGO,  +  4C1F,  —  6N«F  +  20,  +  30,  +  600, F 


s+mtoti  by  KARL  O.  CHR1STE.*  RICHARD  D.  WILSON,'  mi  CARL  J.  SCHACK* 

|  Chech*  by  D.  D.  DCSMARTEAUt 

i 

i 

tTht  checker  vied  one-helf  the  amouau  at  etertmg  maensb  n  a  !J0  mL  Monel  cylinder  and 
I  <*temed  the  mom  yield 

'Rocketdyae.  A  Division  of  Rockwell  iMcmeuonel  Carp.  Cenoge  Perk.  CA  91304 
’Department  of  Chemistry.  demon  University,  Oemroa.  SC  29631 


4  Fluorine-Containing  Compounds 

Chloryl  fluoride  is  the  most  common  chlorine  oxyfluoride.  It  is  always  encoun¬ 
tered  in  reactions  of  chlorine  mono-,  tri-,  or  pentafluorides  with  oxides,  hydrox¬ 
ides,  or  poorly  passivated  surfaces.  It  was  first  obtained'  in  1942  by  Schmitz 
and  Schumacher  by  the  reaction  of  CIO,  with  F2.  Other  methods  involve  the 
reaction  of  KCIO,  with  either  BrF,2  or  CIF,.3*  The  simplest  method3  involves 
the  reaction  of  NaCIO,  with  C1F„  resulting  in  the  highest  yields  and  products 
that  can  readily  be  separated. 


Procedure 

■  Caution.  The  hydrolysis  of  ClOjF  can  produce  shock-sensitive  C102 .* 
Therefore,  the  use  of  a  slight  excess  of  CIF,  is  recommended  for  the  synthesis 
to  suppress  any  CIO,  formation.  Chlorine  trifluoride  is  a  powerful  oxidizer  and 
ignites  most  organic  substances  on  contact.  The  use  of  protective  face  shields 
and  gloves  is  recommended  when  working  with  these  materials. 

In  the  dry  box,  dry  sodium  chlorate  (30  mmol,  3. 193  g)  is  loaded  into  a  30- mL 
high-pressure  stainless  steel  Hoke  cylinder  equipped  with  a  stainless  steel  Hoke 
valve.  The  cylinder  is  connected  to  a  stainless  Steel-Teflon  FEP  vacuum  manifold 
(Fig.  1)  that  has  been  well  passivated  with  CIF,  [Ozark-Mahoning]  until  the 
C1F„  when  condensed  at  - 196*,  shows  no  color.  The  cylinder  is  then  evacuated 
and  CIF,  (21.3  mmol)  is  condensed  into  the  cylinder  at  - 196°.  The  cylinder  is 
allowed  to  warm  to  room  temperature  and  is  kept  at  this  temperature  for  I  day. 
The  cylinder  is  then  cooled  back  to  -  196*,  and  during  subsequent  warm-up  of 
the  cylinder  the  volatile  products  are  separated  by  fractional  condensation  under 
dynamic  vacuum  through  a  series  of  U- traps  kept  by  liquid  N,  slush  baths  at 
-95*  (toluene),  -  112*  (CSj),  and  - 126’  (methylcyclohexane).  The  trap  at 
-95*  contains  only  a  trace  of  chlorine  oxides,  the  trap  at  -  1 12*  contains  most 
of  the  C10,F  (29  mmol),  and  the  trap  at  -  126*  (7  mmol)  contains  mainly  Cl, 
and  some  C10,F.  The  yield  of  QO,F  is  almost  quantitative  based  on  the  limiting 
reagent  NaCIO,  (29.4  mmol,  98%).  t  The  purity  of  the  material  is  checked  by 
infrared  spectroscopy  in  a  well-passivated  Teflon  or  metal  cell  equipped  with 
AgCI  windows.  The  product  should  not  show  any  impurities  A  small  amount 
of  chlorine  oxides,  which  can  be  readily  detected  by  their  intense  color  if  present 
or  if  formed  during  handling  of  CIO,F.  can  readily  be  removed  by  conversion 
to  CK),F  with  elemental  F,  or  will  decompose  to  Cl,  and  O,  during  storage  at 
ambient  temperature  Chloryl  fluonde  can  be  stored  in  a  metal  vessel  at  room 
temperature  for  long  time  periods  without  significant  decomposition 


(The  checker  uicd  one- third  of  die  dated  teak  and  obtained  CIO,F  in  a  yield  of  9}% 
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Fig.  I  Typical  metal-Teflon  vacuum  system  used  for  handling  strongly  oxidizing  or 
corrosive  fluorine  compounds  Am  the  vacuum  source  A.  a  good  mechanical  pump  (10  * 
ion  or  better)  11  normally  sufficient  The  me  all  fluorocarbon  oil.  such  aa  Haioc arbor 
(Halocarbon  Products!  aa  a  pump  oil  is  strongly  recommended  for  safety  reasons  A 
glass  waste  trap  with  glass  or  Teflon  stopcocks  end  a  detachable  bottom;  only  fluorocarbon 
grease  [Halocarbon  Products!  should  be  used  for  die  stopcocks  and  joint,  die  trip  is  kept 
cold  by  a  Dewar  flask  with  liquid  nitrogen;  great  cate  must  be  taken,  and  a  face  shield 
and  heavy  leather  gloves  must  be  worn  when  pulling  off  the  cold  lower  half  of  the  waste 
trap  for  disposal  of  the  trapped  material  by  evaporation  in  a  fume  hood  The  glass  waste 
trap  can  be  connected  to  the  metal  line  by  a  glass-metal  joint,  a  graded  glass-metal  seal, 
or  most  conveniently  by  a  quirk-coupling  compression  lining  with  Vuon  O-nng  seals 
C.  scrubber  for  removal  of  fluorine,  the  scrubber  consists  of  a  glass  tower  packed  with 
alternating  layers  of  NaCl  and  soda  lime  that  are  held  in  place  by  plugs  of  glass  wool  at 
either  end  The  valves  £  are  arranged  in  such  a  manner  that  the  scrubber  can  be  by¬ 
passed  during  routine  operation  D.  Teflon- FtP  (fluoro-ethylene- propylene  copolymer 
IZeus))  or  PFA  (polyperfluoroetheri  U- traps  made  from  w-  or  W-m  o  d  commercially 
available  heavy  wall  tubing;  all  metal  lines  are  made  from  either  316  or  321  W-in  o  d 
stainless  steel  or  Monel  tubing,  escept  for  the  lines  from  the  U- traps  io  the  Heise  gage 
I  Dresser)  J.  for  which  W-in  o  d  tubing  is  preferred,  stainless  steel  bellows  valves  £ 
such  as  Hoke  Model  4200  senes,  ate  used  throughout  the  entire  line,  metal-metal  or 
metal-Teflon  connections  are  all  made  with  either  flare  or  compression  i  Swagelok  (Craw 
ford  Fitting)  or  Gyrolok)  fittings  F.  lecture  bottle  of  C1F,  | Ozark- Mahoning |  used  for 
passivation  of  *he  vacuum  line  O.  He  gaa  inlet  H  F,  gas  inlet  /  connectors  for  attaching 
reaction  vessels,  reagent  containers,  etc  J  Heise  Bourdon  tube  pressure  gage  1 0-1000 
mm  ♦  0  1%)  K.  crude  pressure  gage  (0-5  atm)  L  2-L  steel  bulbs  used  lor  either 
measuring  or  storing  larger  amounts  of  gases  M  W  in  o  d  metal  U  tubes  to  permit 
condensation  of  gases  into  the  storage  bulbs  L  A  infrared  cell  for  gases.  Teflon  bods 
with  condensing  tip.  3  cm  path  length.  AgCI  windows  The  four  l'  traps  D  connected 
in  senes,  constitute  the  fractionation  train  used  routinely  for  the  separation  of  volatile 
materials  by  fractional  condensation  employing  slush  baths  of  different  temperatures  The 
volumes  of  each  section  of  the  vacuum  line  are  carefully  calibrated  by  PVT  measure  menu 
using  a  known  standard  volume 


6  Flnermt-Ci 


Properties* 

ChJoryl  fluonde  it  a  color  lets  liquid  boiling  at  -  6*  The  LR  tpectrum  of  the 
gas4  shows  the  following  major  bends:  1271  (vs).  1 106  (ms),  630  (s).  and  547 
(ms)  cm  1  The  *F  NMR  spectrum1  of  the  liquid  at  -  80*  consists  of  a  singlet 
at  315  ppm  down  he  Id  from  external  CFG, 
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12.  TUNGSTEN  TETRAFLUORIDE  OXIDE 


2WF,  +  SiO,  —  2WOF*  +  SiF, 


by  WILLIAM  W.  WILSON*  mi  KARL  O.  CHRISTE* 
CbocM  by  ROLAND  BOUGONt 


Tungsten  tetrafluonde  oxide  can  be  prepared  by  numerous  methods,  such  as  the 
fluonnation  of  WO)  at  900*.'  slow  hydrolysis  of  WF,,!  the  direct  nuon nation 
of  W  in  the  presence  of  O,  at  300*. 1  the  reaction  of  WFt  with  WO,  at  400*.* 
the  reaction  of  WOCI.  with  HF,’  *  or  oxygen-fluorine  exchange  between  WF, 
and  B,0,  ‘  The  method  given  below  is  a  modification  of  the  method  of  Paine 
and  McDowell,  who  used  stoichiometric  amounts  of  SiO,  and  WF,  in  anhydrous 
HF  for  the  controlled  hydrolysis  ot  WF,;  In  our  experience.’  the  use  of  stoi¬ 
chiometric  amounts  of  SiO]  and  WF,  leads  to  the  formation  of  some 
|H,Or(WOF,r  and  lH,0]*|WjO,F,)'  as  by -products  that  are  difficult  to  sep¬ 
arate  from  WOF.  This  problem  can.  however,  be  minimized  by  the  use  of  an 
excess  of  WF,  Tungsten  tetrafluonde  oxide  ts  a  starting  matenal  for  the  syntheses 
of  numerous  WOF,  sails 

•XocMldyt  A  Oiviuon  ot  Rockwell  IuhtmiomI  Carp  .  Cmofi  Pal.  CA  91 XM 

•Crow  d  tiuUo  NocUam  <k  Saclay  VI 191  Oif  wr  Yvtnc.  Fraic* 
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Procedure 

•  Caution.  Anhydrous  HF  causes  severe  bums.  Protective  clothing  and 
safety  glasses  should  be  worn  when  working  with  liquid  HF. 

Quartz  wool  [Preiser  Scientific]  (1.048  g,  17.44  mmol)  is  placed  into  a  %-in. 
o.d.  Teflon  FEP  (fluoroethylene  propylene  copolymer)  ampule  [Zeus]  equipped 
with  a  Teflon-coated  magnetic  stirring  bar  and  a  stainless  steel  valve.  The  ampule 
is  connected  to  a  metal-Teflon  vacuum  system'  and  evacuated,  and  dry*  HF 
[Mathesoo]  (19  g)  and  WF»  (Alfa]  (22. 102  g,  74.21  mmol)  are  condensed  into 
the  ampule  at  -  196°  The  contents  of  the  ampule  are  allowed  to  warm  to  room 
temperature  and  are  kept  at  this  temperature  for  15  hr  with  stirring.  All  material 
volatile  at  room  temperature  is  pumped  off  (10 "4  torr)  for  12  hr,  leaving  behind 
9.723  g  of  a  white  solid  (weight  ealed.  for  34.89  mmol  WOF,  is  9.624  g).  This 
crude  product  usually  still  contains  [HjO]  *  [W;02F,] "  (IR  spectrum  of  the  solid 
pressed  as  a  AgCI  disk:  3340,  3100,  1625,  1040,  1030,  908  cm-1)  and  can  be 
purified  by  vacuum  (10'°  torr)  sublimation  in  an  ice  water-cooled  Pyrex  sub- 
limator  at  55*.  resulting  in  4.245  g  of  sublimate.  The  purity  of  the  sublimate  is 
verified  by  vibrational  spectroscopy  of  the  solid  (IR  spectrum  as  a  AgCI  disk: 
1054  (vs),  733  (s),  666  (vs),  and  550  (vs)  cm’ '.  Raman:  1058  (10).  740  (1.9), 
727  (6.3).  704  (0+ ).  668  (0+ ),  66!  (0.9),  559  (0+ ).  518  (0.7).  325  (sh),  315 
(sh),  311  (5).  260(0+),  238  (0.7),  212  (0.5),  185  (0  +  )cm  ,.),° 

Anal.  Caked,  for  WOF4:  W.  66.65;  F,  27.55.  Found:  W.  66.5;  F.  27.7. 


Properties 

Tungsten  tetrad uonde  oxide  is  a  white  hygroscopic  solid  (mp  104.7  at  25  iott. 
bp  185.9*)  which  can  be  sublimed  readily.  It  is  soluble  in  HF  and  in  propylene 
carbonate.  The  '*F  NMR  spectrum  in  propylene  carbonate  solution  consists  of 
a  singlet  at  65.2  ppm  down  fie  Id  from  external  CFG,,  with  two  satellites  with 
Jwr  m  69  Hz." 
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13.  TETRAFLUOROAMMONIUM  SALTS 


Submitted  by  KARL  O.  CHRISTE,*  WILLIAM  W.  WILSON.*  CARL  J.  SCHACK,* 
and  RICHARD  D.  WILSON* 

Checked  by  R.  BOUGONt 


Since  [NF«]+  is  a  coordinatively  saturated  complex  fluoro  cation,  the  syntheses 
of  its  salts  are  generally  difficult.1  A  limited  number  of  salts  can  be  prepared 
directly  from  NFJt  and  these  salts  can  then  be  converted  by  indirect  methods 
into  other  [NF4]+  salts  that  are  important  for  solid  propellant  NF3-F2  gas  gen¬ 
erators  or  reagents  for  the  electrophilic  fluorination  of  aromatic  compounds. 

The  two  direct  methods  for  the  syntheses  of  [NF4]  +  salts  are  based  on  the 
reaction  of  NF3  with  either  [KrF]  *  salts2 

NF3  +  [KrF][AsF6]  —  [NF4][AsF6]  +  Kr 
or  F2  and  a  strong  Lewis  acid  in  the  presence  of  an  activation  energy  source  E. 3 

NF,  +  Fj  +  XF.  £  [NF.KXF..,] 

For  the  chemist  interested  in  synthesis,  the  second  method3  is  clearly  superior, 
due  to  its  high  yields,  relative  simplicity,  and  scalability. 

Four  different  activation  energy  sources  have  been  used  for  the  direct  synthesis 
of[NF4r  salts: 

1.  Heat4"7:  (NF4][BiF6],  [NF4][SbF6],  [NF4][AsF6],  [NF4]2[TiF6nTiF4) 

2.  Glow  discharge*’9:  (NF4](AsF6],  [NF4][BF4] 

3.  UV  photolysis10  ":  [NF.USbFJ,  [NF4][AsFJ,  [NF4][PFJ,  [NF4][GeF5], 
lNF4][BF4] 

4.  Bremsstrahlung12:  [NF4][BF4] 

Of  these,  the  thermal  synthesis  of  [NF4][SbF6]4"7  is  most  convenient  (Synthesis 
A)  and  provides  the  starting  material  required  for  the  synthesis  of  other  [NF4]  + 
salts  by  indirect  methods.  For  the  synthesis  of  pure  [NF4]  *  salts  on  a  small  scale, 
low-temperature  UV  photolysis  is  preferred  (Synthesis  B)." 

The  following  indirect  methods  for  the  interconversion  of  [NF4]*  salts  are 
known: 


•Rocketdyne,  A  Division  of  Rockwell  International  Corp.,  Canoga  Park.  CA  91304. 
tCentre  d'Eitudes  Nucteaires  de  Saclay,  91 191  Gif  sur  Yvette,  France. 
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1 .  Metathesis  reaction: 

solvent 

n[NF4][XF6]  +  (CsUMF^J  -  [NF4]„[MFm+(l]  +  n[Cs][XF6]  [ 

soluble  soluble  soluble  insoluble 

where  typically  X  =  Sb  and  the  solvent  is  anhydrous  HF  or  BrFs.  This  method 
is  limited  to  anions  that  are  stable  in  the  given  solvent  and  results  in  an  impure 
product.  Typical  compounds  prepared  in  this  manner  include  [NF4][BF4],6'3'4 
[NF4][HF2]  (Synthesis  C),'5  [NFJISOjF],16  [NF4][C104],‘S  and  [NF4]2[MF6]  (M 
=  Sn,17  Ti,18  Ni,19  Mn20)  (Synthesis  D). 

2.  Reaction  of  solid  [NF4][HF2]  jcHF  with  a  weak  Lewis  acid:  When  the 
MF^+„  anion  is  unstable  in  a  solvent,  such  as  HF,  and  the  Lewis  acid  MFm  is 
volatile,  the  equilibrium 

n[NF4][HF2]  jrHF  +  MFm  ^  lNF4]„[MFm+J  +  n{. x+  1)HF 

can  be  shifted  to  the  right  by  the  use  of  an  excess  of  MFm  and  continuous  removal 
of  HF  with  the  excess  of  MFm.  Typical  salts  prepared  in  this  manner  include 
[NF4]2[SiF6]21  (Synthesis  E)  and  [NFJ[MF7]  (M  =  U,  W,22  Xe23). 

3.  Reaction  of  [NF4](HF2]  with  a  nonvolatile  polymeric  Lewis  acid:  When, 
in  the  metathesis  (1),  all  the  materials  except  [NF4][XF6]  are  insoluble,  product 
separation  becomes  impossible.  This  problem  is  avoided  by  digesting  the  Lewis 
acid  in  a  large  excess  of  [NF4][HF2]  in  HF  solution,  followed  by  thermal  decom¬ 
position  of  the  excess  [NF4][HF2]  at  room  temperature. 


HF 

[NF„][HF2]  +  MF„  —*  INF4][MF„  +  1]  +  HF 

Salts  prepared  in  this  manner  include  [NF4][MOF3]  (M  =  U,24  W25)  (Synthesis 
F),  [NF4][A1F4],26  and  [NF4][Be2F5].26 

4.  Displacement  reaction:  Disp'acement  of  a  weaker  Lewis  acid  by  a  stronger 
Lewis  acid  can  be  carried  out  easily,  as  demonstrated  for  (NF4][PFJ." 

[NFJIBFJ  +  PF,  [NF4][PFh]  +  BF, 

5.  Rearrangement  reaction:  When  [NFJlGeF*]  is  treated  with  anhydrous 
HF,  the  following  equilibrium  is  observed: 

♦  HF 


2[NF4][GeF5] 


[NFJjlGeFJ  +  GeF4 


Trm» 


TTPnr*WWB»rr»^x  - *  >i  *■- 
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This  equilibrium  can  be  shifted  to  the  right  by  repeated  treatments  of  [NF4][GeFs] 
with  HF  apd  GeF4  removal,  and  to  the  left  by  treatment  of  [NF4]2[GeFJ  with 
GeF4." 


A.  TETRAFLUOROAMMONIUM 
HEXAFLUOROANTIMONATE(V) 


250* 

NF3  +  2F2  +  SbFj  ->  [NF4][SbF6] 

70  aun 


Procedure 

■  Caution.  High-pressure  fluorine  reactions  should  be  carried  out  only 
behind  barricades  or  in  a  high-pressure  bay  using  appropriately  pressure-tem¬ 
perature-rated  nickel  or  Monel  reactors  that  have  been  well  passivated  with 
several  atmospheres  of  F2  at  the  described  reaction  temperature.  Stainless  steel 
reactors  should  be  avoided  owing  to  the  potential  of  metal  fires.  All  [NFJ* 
salts  are  moisture-sensitive  and  must  be  handled  in  a  dry'  atmosphere.  They  are 
strong  oxidizers — contact  with  organic  materials  and  fuels  must  be  avoided. 

A  prepassivated  (with  C1F3),  single-ended  95-mL  Monel  cylinder  [Hoke,  rated 
for  5000  psi  working  pressure],  equipped  with  a  Monel  valve  [Hoke  3232  M4M 
or  equivalent],  is  loaded  in  the  dry  nitrogen  atmosphere  of  a  glove  box  with 
SbF3  [Ozark-Mahoning]  (31  mmol).  The  cylinder  is  connected  to  a  metal  vacuum 
system,27  evacuated,  vacuum  leak  tested,  and  charged  with  NF,  [Air  Products 
and  Chemicals]  (65  mmol)  and  F2  [Air  Products  and  Chemicals]  (98  mmol)  by 
condensation  at  -  196°.  The  barricaded  cylinder  is  heated  for  5  days  to  250°. 
The  cylinder  is  allowed  to  cool  by  itself  to  ambient  temperature  and  is  then 
cooled  to  -  196°.  The  unreacted  F2  and  NF3  are  pumped  off  at  -  196°  (the  pump 
must  be  protected  by  a  fluorine  scrubber*);  during  the  subsequent  warm-up  of 
the  cylinder  to  ambient  temperature,  [NF4][SbF(>]  (10.1  g,  31  mmol,  100%  yield 
based  on  SbF3)  is  left  behind  as  a  solid  residue.  The  product  is  either  scraped 
out  of  the  cylinder  in  the  dry  box  or,  more  conveniently,  dissolved  in  anhydrous 
HF  that  has  been  dried  over  BiFs.IJ  Small  amounts  of  Ni(SbFJ2  and  CulSbFJ,, 
formed  as  impurities  in  the  attack  of  the  Monel  reactor  by  F:  and  SbF,.  are  only 
sparingly  soluble  in  HF  and  are  removed  from  the  [NF4][SbFJ  solution  by 
filtration  using  a  porous  Teflon  filter  [Pallflex].  If  desired,  the  SbF3  starting 
material  can  be  replaced  by  SbF,  [Ozark-Mahoning]  without  changing  the  remain¬ 
ing  procedure. 

Anal  29  Calcd.  for  [NFJJSbFJ:  NF,,  21.80;  Sb,  37.38.  Found:  NF,.  21.73; 
Sb,  37.41. 
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Properties 

Tetrafluoroammonium  hexafiuoroantimonate(V)  is  a  hygroscopic,  white  crys¬ 
talline  solid  that  is  stable  to  about  270°. 4  5 It  is  highly  soluble  in  anhydrous 
HF  (259  mg  per  g  of  HF  at  —  780)13  and  moderately  soluble  in  BrF,.  Its  l,F 
NMR  spectrum4  in  anhydrous  HF  solution  consists  of  a  triplet  of  equal  intensity 
at  214.7  ppm  downfield  from  CFC13  (7nF  =  231  Hz)  for  [NF4]*  .  The  vibrational 
spectra5  of  the  solid  exhibit  the  following  major  bands:  IR  (pressed  AgCl  disk): 
1227  (mw),  1162  (vs),  675  (vs),  665  (vs),  609  (m)  cm"1  Raman  1160(0  6), 
1150(0.2),  843(7.0),  665(1),  618(10).  604(3.9),  569(0.9).  437(1.5).  and  275(3.8) 


B.  TETRAFLUOROAMMONIUM  TETRAFLUOROBORATEiIII) 

hv 

NF.,  +  F:  +  BF,  —  (NF4]|BF4) 

-  I  Of)* 

Procedure 

■  Caution.  Ultraviolet  goggles  should  he  worn  for  eye  protection  when 
working  with  higher  power  UV  lamps,  and  the  work  should  he  carried  out  m  a 
fume  hood.  [MFJ[BFJ  is  a  strong  oxidizer .  contact  wuh  organic  materials 
fuels,  and  moisture  must  he  avoided 

The  low-temperature  UV  photolysis  reaction  is  earned  out  in  a  quartz  reactor 
with  a  pan-shaped  bottom  and  a  flat  top  consisting  of  a  ~  5  cm  diameter  optwal 
grade  quartz  window  (Fig.  1).  The  vessel  has  a  side  arm  connected  bv  a  Teflon 
O-ring  joint  to  a  Fischer-Porter  Teflon  valve  to  facilitate  removal  of  solid  react  tor: 
products.  The  depth  of  the  reactor  is  aboul  4  cm.  and  its  volume  is  about  I4o 
mL.  The  UV  source  consists  of  a  900- W.  air-cooled,  high  pressure  mercurv  ar, 
(General  Electric  Model  B-H6)  positioned  4  cm  above  (he  flat  reactor  surtave 
The  bottom  of  the  reactor  is  kept  cold  by  immersion  in  liquid  N  Ur%  caseous 
N;  is  used  as  a  purge  gas  to  prevent  condensation  of  atmospheric  moisture  on 
the  flat  top  of  the  reactor  As  a  heat  shield,  a  6 -mm -thick  quartz  “'late  is  positioned 
between  the  UV  source  and  the  top  of  the  reactor 

Premixed  NF,  ( Air  Products)  and  BF,  |Matheson|  (2~  mmol  or  eavh'  are 
condensed  into  the  cold  bottom  of  the  quartz  reactor  Fluorine  |  Air  P'odusts  ci 
mmol)  ts  added,  and  the  mixture  is  photolvzed  at  l^b'  for  I  hr  Alter  tri 
mination  of  the  photoly  sis.  volatile  matenal  ts  pumped  out  of  the  rea^  tor  ■  throutf- 
a  scrubber'*)  during  its  warm  up  to  room  temperature  The  nonvolatile  white 
solid  residue  (I  0  g)  is  pure  [NF.ljBFJ  Instead  ot  the  pari  shaped  tjO"'  a 
simple  round  quartz  bulb  can  be  used  with  a  (NF,|[Bf  ,|  v  ic  Id  of  about  <’  -  c 
hr 
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GAS  INLET  AND 
VACUUM 


Anal*  Calcd.  for  INF4]|BF4):  NF„  40.16;  B.  6.11.  Found:  NF„  40.28;  B, 
6  I 

P’opcriies 

Tetrafluoroammomum  tetrafluoroborate(IIl)  is  a  hygroscopic  white  crystalline 
solid  that  is  stable  up  to  about  1 50°  "  30  It  is  highly  soluble  in  anhydrous  HF 

and  moderately  soluble  in  BrF,  Its  iVF  NMR  spectrum  in  anhydrous  HF  solution 
'  onsist'.  of  a  sharp  tnplet  of  equal  intensity  at  220  ppm  downfield  from  CFC1, 
J..,  =  230  Hz)  for  [NF«r  and  an  exchange  broadened  singlet  at  <h  -  158  ppm 
upheld  from  CFCI,  for  [BF4]~.  The  vibrational  spectra  of  the  solid  exhibit  the 
loiiovsing  major  bands  IR  (pressed  AgCI  disk):  1298  (ms).  1222  (mw),  1162 
>si,  K)57  (vs).  609  is),  and  522  (si  cm  1  Raman:  1179(0.6),  1148(0.6). 
i  'OKI*  ).  1055(0  2).  884(0-  ).  844(10),  772(3.2),  609(6.3),  524(0.4),  443(2.6), 

and  3  5()(()  Q, 

(  .  TETRAFLLOROAMMOMl’M  (HYDROGEN  DIFLGORIDE) 

HI 

(NF4][SbF„)  -  CsF  -  CsjSbFJ  i  +  [NF4][HF:] 
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Procedure 

■  Caution.  Anhydrous  HF  causes  severe  burns.  Protective  clothing  should 
be  worn  when  working  with  this  material.  The  HF  solutions  of  (NFJ  *  salts  are 
strongly  oxidizing;  contact  with  fuels  must  be  avoided. 

A  mixture  of  dry  CsF  [Kawecki  Berylco]  (2.361  g,  15.54  mmol)  and  [NF4][SbF6] 
(5.096  g,  15.64  mmol)  is  placed  inside  the  dry  box  into  trap  I  of  the  leak -checked 
and  passivated  (with  C1F3  and  dry  HF13)  Teflon  FEP  Monel  metathesis  apparatus 
shown  in  Fig.  2.  The  CsF  is  dried  by  fusion  in  a  platinum  crucible,  immediately 
transferred  to  the  dry  box,  cooled,  and  finely  ground.  The  apparatus  is  attached 
to  a  metal  Teflon  vacuum  system27  by  two  flexible  corrugated  Teflon  tubes 
[Penntube  Plastics],  and  the  connections  are  vacuum  leak-checked  and  passi¬ 
vated.  The  system  is  repeatedly  exposed  to  anhydrous  HF  [Matheson],  until  the 
HF  is  colorless  when  frozen  out  at  — 196°  in  a  Teflon  U-trap  of  the  vacuum 
system  to  avoid  contamination  of  the  product  with  any  chlorine  fluorides  that 
may  be  adsorbed  onto  the  walls  of  the  metal  vacuum  system.  Anhydrous  HF13 
( 16  2  g,  810  mmol)  is  added  to  trap  I,  and  the  mixture  is  stirred  magnetically 
for  1  hr  at  room  temperature.  The  metathesis  apparatus  is  cooled  with  powdered 
Dry  Ice  to  -  78°  for  1  hr  and  then  inverted.  The  HF  solution  that  contains  the 
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4< 

(NF4)(HF2]  it  separated  from  the  CsJSbFJ  precipitate  by  filtration  To  facilitate 
the  filtration  step,  trap  I  is  pressurized  with  2  atm  of  dry  N3  after  inversion  A 
pressure  drop  in  trap  I  indicates  the  completion  of  the  filtration  step  If  desired, 
repressunzatton  of  trap  I  may  be  repeated  to  minimize  the  amount  of  mother 
liquor  held  up  in  the  filter  cake  The  desired  HF  solution  of  [NH«j|HF;|  is 
collected  in  trap  II  It  contains  about  94%  of  the  original  (NF4]‘  values,  with 
the  remainder  being  adsorbed  on  theCsjSbF,]  filter  cake  The  (NF4)(HFjJ  solution 
has  a  purity  of  about  97  mole  %  and  contains  small  amounts  of  Cs|SbFJ  (sol¬ 
ubility  of  Cs(SbF*]  in  HF  at  -  78°  is  l  8  mg/g  HF)"  and  |NF4)(SbF4)  (if  a  slight 
excess  of  [NFJfSbFJ  has  been  used  in  the  reaction  to  suppress,  by  the  common 
ion  effect,  the  amount  of  dissolved  Cs(SbFJ) 

An  unstable  solid  having  the  composition  |NF4)[HF2]  nHF  (n  *  2-10)  can 
be  prepared  by  pumping  off  as  much  HF  as  possible  below  0° 


Properties 

Tetrafluoroammonium  (hydrogen  difiuoride)  is  stable  in  HF  solution  at  room 
temperature  but  decomposes  to  NFJt  F2,  and  HF  on  complete  removal  of  the 
solvent.'5  The  l9F  NMR  spectrum  of  the  solution  shows  a  triplet  of  equal  intensity 
of  <j>  216.2  ppm  downfield  from  CFClj  with  Jw  =  230  Hz.  The  Raman  spectrum 
of  the  HF  solution  has  bands  at  1 170  (w),  854  (vs),  612  (m),  and  448  (mw) 


D.  BIS(TETRAFLUOROAMMONIUM) 
HEXAFLUOROMANGANATE(IV) 


HF 

2[NF4][SbF6]  +  Cs2[MnF6]  -»  2Cs[SbFfc]  +  [NF4]2[MnF6] 

-7** 


Procedure 

■  Caution.  Anhydrous  HF  can  cause  severe  burns;  protective  clothing 
should  be  worn  when  working  with  this  solvent.  [NFJ2[MnFJ  is  a  strong  oxi¬ 
dizer;  contact  with  water  and  fuels  must  be  avoided. 

The  same  apparatus  is  used  as  for  synthesis  C.  In  the  dry  N2  atmosphere  of  a 
glove  box,  a  mixture  of  [NF4](SbFft]  (37.29  mmol)  and  CsJMnFJ20  (18.53 
mmol)  is  placed  in  the  bottom  of  a  prepassivated  (with  CIF3)  Teflon  FEP  (flu- 
oroethylene  propylene  copolymer)  double  U-tube  metathesis  apparatus.  Dry  HF'J 
(20  mL  of  liquid)  is  added  at  -78°  on  the  vacuum  line,27  and  the  mixture  is 
warmed  to  25°  for  30  min  with  stirring.  The  mixture  is  cooled  to  -78°  and 
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pressure -filtered  at  this  temperature  The  HF  solvent  is  pumped  off  at  30°  for 
12  hr.  resulting  in  14  g  of  a  white  filter  cake  (mainly  Cs(SbFJ)  and  6  1  g  of  a 
yellow  filtrate  residue  having  the  approximate  composition  (weight  %): 
|NF4)2lMnF*j.  92.  |NF4]|SbF*J,  4,  Cs|SbFj.  4  Yield  of  (NF4]2|MnFJ  is  87% 
based  on  Cs2|MnFJ 


Properties 

Bis(tetrafluoroammonium)  hexafluoromanganate(IV)  is  a  yellow  crystalline  solid 
that  is  stable  at  65°  but  slowly  decomposes  at  100°  to  NF,.  F2,  and  MnF,.J"  It 
is  highly  soluble  in  anhydrous  HF  and  reacts  violently  with  water.  Its  l9F  NMR 
spectrum  in  anhydrous  HF  solution  shows  a  broad  resonance  at  4>  218  ppm  below 
CFCI,  due  to  (NF4J*  The  vibrational  spectra  of  the  solid  show  the  following 
major  bands:  IR  (pressed  AgCI  disk):  1221  (mw).  1160  (vs),  620  (vs),  and  338 
(s)  cm" 1  Raman.  855  (m),  593  (vs).  505  (m),  450  (w),  and  304  (s)  cm" 1 

E.  BIS(TETRAFLUOROAMMONIUM) 

HEXAFLUOROSILICATE(IV) 

2[NF4][HFi1-;iHF  +  SiF4  {NF4]:lSiFfcl  +  2(n+l)HF 


Procedure 

■  Caution.  Anhydrous  HF  can  cause  severe  burns,  and  protective  clothing 
should  be  worn  when  working  with  liquid  HF.  All  [NFJ  *  salts  are  strong 
oxidizers,  and  contact  with  fuels  and  water  must  be  avoided. 

A  solution  of  [NF4][HF2]  (27  mmol)  in  anhydrous  HF13  is  prepared  at  -78°  by 
synthesis  C.  Most  of  the  HF  solvent  is  pumped  off  during  warm-up  toward  0° 
until  the  first  signs  of  decomposition  of  [NF4][HF2]  are  noted  from  the  onset  of 
gas  evolution.  The  resulting  residue  is  cooled  to  -  196°,  and  SiF4  [Matheson] 
(33  mmol)  is  added.  The  mixture  is  allowed  to  warm  to  ambient  temperature 
while  providing  a  volume  of  about  1  L  in  the  vacuum  line  for  expansion.  During 
warm-up  of  the  apparatus,  the  SiF4  evaporates  first  and,  upon  melting  of  the 
[NF4](HF2]  /iHF  phase,  a  significant  reduction  in  the  SiF4  pressure  is  noted, 
resulting  in  a  final  pressure  of  about  400  torr.  A  clear,  colorless  solution  is 
obtained  without  any  sign  of  solid  formation.  The  material  volatile  at  0°  is  pumped 
off  and  separated  by  fractional  condensation  through  traps  at  -  126  and  -  196°. 
The  SiF4  portion  (about  22  mmol),  trapped  at  —  196°,  is  condensed  back  into 
the  reactor,  which  contains  a  while  fluffy  solid.  After  this  mixture  has  been  kept 
at  25°  for  24  hr,  all  volatile  material  is  pumped  off  at  25°  and  the  SiF4  is  separated 
again  from  the  HF.  The  solid  residue  is  treated  again  with  the  unreacted  Si Fj  at 
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25°  for  14  hr.  The  materials  volatile  at  25°  are  pumped  off  again.  They  contain 
less  than  1  mmol  of  HF  at  this  point.  The  solid  residue  is  heated  in  a  dynamic 
vacuum  to  50°  for  28  hr  or  until  no  further  HF  evolution  is  noticeable.  The  white 
solid  residue  (about  3.8  g,  80%  yield)  has  the  approximate  composition  (weight 
%):  [NF4]2[SiF6]  95.0,  Cs[SbF6]  2.2,  [NF4][SbF6]  2.3. 


Properties 

Bis(tetrafluoroammonium)  hexafluorosilicate(IV)  is  a  white  crystalline  solid  that 
is  stable  at  25°  but  slowly  decomposes  at  90°  to  NF3,  F2,  and  SiF4.21  The 
vibrational  spectra  of  the  solid  show  the  following  major  bands:  IR  (pressed 
AgCl  disk):  1223  (mw),  1165  (vs),  735  (vs,br),  614  (m),  609  (mw),  478  (s), 
and  448  (w)  cm'1.  Raman:  1164  (1.5),  895  (0+),  885  (0  +  ),  859  (10),  649 
(3.2),  611  (5.8),  447,441  (3.8),  and  398  (1)  cm"'. 

F.  TETRAFLUOROAMMONIUM 

PENT  AFLUOROOXOTUNGST  ATE(VI) 

HF 

[NF4][HF2]  +  WOF4  [NF4][WOF5]  +  HF 

25* 


Procedure 

■  Caution.  Anhydrous  HF  can  cause  severe  burns.  Protective  clothing 
should  be  worn  when  working  with  liquid  HF.  All  [NFJ+  salts  are  strong 
oxidizers,  and  contact  with  fuels  and  water  should  be  avoided. 

A  solution  of  20  mmol  of  [NF4][HF2]  in  16  mL  of  dry  HF13  is  prepared  at  —78° 
by  synthesis  C  and  pressure-filtered  into  the  second  half  of  the  metathesis  double 
U-tube  containing  14.6  mmol  of  WOF4.31  The  mixture  is  stirred  with  a  magnetic 
stirring  bar  for  30  min  at  25°.  The  volatile  material  is  pumped  off  at  25°  for  12 
hr.  The  solid  residue  (about  5  g,  86%  yield  based  on  WOF4)  has  the  approximate 
composition  (weight  %):  [NF4][WOF5]  96,  Cs[SbF6)  2,  lNF4][SbF6]  2. 

Properties 

Tetrafluoroammonium  pentafluorooxotungstate(VI)  is  a  white  crystalline  solid 
that  is  stable  at  55°  but  slowly  decomposes  at  85°  to  yield  NF,,  OF2,  WF6,  and 
(NF4](W202F,].25  The  vibrational  spectra  of  the  solid  show  the  following  major 
bands:  IR  (pressed  AgCl  disk):  1221  (mw),  1160  (vs),  991  (vs),  688  (vs),  620 
(vs.br),  and  515  (vs)cm-1.  Raman:  1165  (0.7),  996  (10),  852  (8.4),  690  (5.4), 
613  (4.9),  446  (1.6),  329  (6.8),  and  285  (0.5)  cm’'. 
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APPENDIX  N 

14.  CESIUM  HEXAFLUOROMANGANATE(IV) 

2CsF  +  MnClj  +  7F,  -*  Cs:(MnFJ  ♦  2CIF, 


S»b«*ted  by  WILLIAM  W.  WILSON*  ad  KARL  O.  CHRISTE* 
Checked  by  ROLAND  BOUGONt 

•Rocketdyne.  A  Dtvuton  of  Rockwell  Irttemaoonal  Cofp  .  Canofa  Park.  CA  91304 
♦Centre  d'Etudei  NucKaire*  de  Sactay.  91 191  Gif  tur  Yvette.  France 
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Seven!  methods  have  been  described  in  the  literature  for  the  syntheses  of  alkali 
metal  hexafluoromanfanatestlV)  The  read  tons  of  K^MnO,).'  MnO,  and  KF 
mixtures,  or  KMnO«  and  30%  H,0,’  with  aqueous  HF  produce  K,(MnF»l  How¬ 
ever.  the  yields  and  product  purities  arc  low  Pure  alkali  metal  hexafluoroman- 
|anates(IV)  are  obtained  in  high  yield  by  fluon nation  with  F,  in  a  flow  system 
of  either  MnCI.  +  2MCI  at  375  to  400*,’*  MnF,  ♦  2KF  in  a  rotating  Al20, 
tube  at  600*.’  or  MnCI.  +  ?KCI  at  280*.*  or  by  the  fluormauon  of  a  ICMnO. 
KCI  mixture  with  BrF,  '  The  method  de  sen  bed  below  is  baaed  on  the  fluonnaiion 
of  a  stoichiometric  mixture  of  CsF  and  MnCI2  m  a  static  system  at  400°  * 
HexafluoromanganatedV  i  salts  have  interesting  spectroscopic  properties. *  °  and 
Cs;(MnF»)  is  a  starting  matenaJ  for  the  metathetical  synthesis  of  <NF,)2|MnFJ  " 

Procedure 

■  Cautioa.  Safety  barricades  must  be  used  for  carrying  out  tugh  pressure 
fluormauon  reactions.  The  CIF<-CIFt  by-products  art  strong  oxidizers  Contact 
*uh  fuel,  water,  or  reducing  agents  must  be  avoided 
Commercially  available  MnClj  4H,0  [Alfaj  is  dehydrated  by  heating  in  a  Pyrex 
flask  to  255*  under  vacuum  (I0~4  ton)  for  24  hr  The  completeness  of  the 
dehydration  step  is  venfied  by  recording  the  infrared  spectrum,  which  should 
not  show  any  water  bands  Commercially  available  CsF  (Kawecki  Berylcol  is 
dried  by  fusion  in  a  platinum  crucible  and  is  immediately  transferred  to  the  dry 
box 

A  mixture  of  finely  ground  dry  CsF  (7  717  g,  50  80  mmol)  and  MnCI.  <3  150 
g.  25  40  mmol)  is  placed  inside  the  dry  box  into  a  prepassivated  (with  CIFj 
95-mL  high-pressure  Monel  cylinder  (Hoke  Model  4HSM.  rated  for  5000  psi 
working  pressure)  equipped  with  a  Monel  valve  (Hoke,  Model  32I2M4M)  The 
cylinder  is  attached  to  a  metal-Teflon  vacuum  system,11  evacuated,  and  cooled 
to  -  196°  with  liquid  N,  Fluorine*  (262  mmol)  is  condensed  into  the  cylinder 
The  cylinder  is  disconnected  from  the  vacuum  line,  heated  in  an  oven  to  400° 
for  36  hr,  and  then  cooled  again  to  -  196°  on  the  vacuum  line.  Unreacted  F2 
is  pumped  off  at  -  196°  through  a  fluorine  scrubber. u  and  the  CIF,-CIF, 
byproducts  are  pumped  off  during  the  warm-up  of  the  cylinder  toward 
room  temperature.  The  yellow  solid  residue  (II  045  g,  100%  yield)  is  pure 
Cs_.|MnF»). 

Anal  Calcd  for  Cs,(MnF*l:  Cs,  61  14,  Mn.  12.63.  Found:  Cs,  61  2,  Mn. 
12.5 


*1  Air  Products  and  Chemicals |  Pnor  to  use.  the  fluorine  should  be  passed  through  a  Nap  scrubber 
i"  remove  any  HF  present,  which  would  promote  attack  of  the  Monel  reactor  as  esidenced  by  the 
formation  of  some  Cs;NiF. 
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Properties 

Cesium  hcaafluoroman|anate<IV)  is  •  stable  yellow  solid  that  decomposes  only 
slowly  ui  moist  air  The  IR  spectrum  of  the  solid  as  a  dry  powder  pressed 
between  AgCI  plates  shows  the  following  major  absorptions:  620  (vs)  (antisym¬ 
metric  stretch)  and  338  (s)  (antisymmetric  deformation)  cm  ~ '  The  Raman  spec¬ 
trum  of  the  solid  shows  bands  at  390  (vs)  (symmetric  in-phase  stretch).  502  (mi 
(symmetric  out -of- phase  stretch),  and  304  (s)  (symmetric  deformation)  cm" 
The  compound  Cs,|MnFJ  crystallizes  at  room  temperature  in  the  cubic  K.|PtClft] 
system  with  a  «  8  92  A  * 
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Synthesis  and  Characterization  of  CrF40,  KrF2*CrF40,  and  N0*CrF50~ 

Karl  O.  Chriate,*  William  W.  Wilson,  and  Roland  A.  Bougonf 
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ChromaunfVI)  tetrafluonda  aside  can  be  prepared  in  high  yield  and  purity  from  CrO,F,  and  KrF,  in  HF  solution  The  vibrational 
spectra  of  gaseous,  solid,  and  matrut-taolated  CrF.O  and  iu  BtF,  and  HF  solutiont  are  reported,  as  well  as  the  "F  NMR  spectra 
of  the  BrF,  and  SOjCIF  solutions.  The  data  confirm  for  gaseous,  matna-isotated.  and  dissolved  CrF.O  a  monomeric,  square- 
pyramidal  structure  of  symmetry  C*  and  for  solid  CrF.O  s  fluonne-bndged  polymeric  structure  CrF.O  is  a  strong  Lewis  acid, 
and  with  FNO  it  forma  a  stable  NO'CrFtO'  salt,  which  was  character! red  by  vibrational  spectroscopy  With  KrF:  it  forms  an 
unstable  I  I  adduct  that  has  in  the  solid  phase  an  essentially  covalem  structure  containing  a  Kr-F-  -  -Cr  bridge  but  is  completely 
dissociated  in  SOjCIF  solution  With  AsF,  it  does  not  form  a  stable  adduct  al  temperatures  as  low  as  -7*  *C  indicating  that 
CrF.O  is  a  weak  Lewis  base  It  was  alto  shown  that  CrF>0  is  a  weak  Lewis  bate  and  does  not  form  a  stable  adduct  ai  7»  *C 


Chromium  let ra fluoride  oxide.  CrF.O,  was  first  described  by 
Edwards  in  1963  as  a  byproduct  in  the  direct  fluoridation  of 
metallic  chromium,  and  its  unit  cell  dimensions  were  reported  ' 
In  1974.  Edwards  and  co-workers  published  an  improved  synthesis 
from  CrO|  and  F,  at  220  *C  and  gave  the  melting  point,  boiling 
point,  vapor  pressure,  and  description  of  a  solid-solid  transition 


’  Permanent  addraas  Csmrs  d'Etudes  NucMsiraa  4e  Sects?  1*01  DF 
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at  24  *C  ’  Reference  was  made  in  this  paper  to  unpublished  work 
indicating  that  the  low-temperature  phase  of  CrF.O  has  an  endlcaa. 
cis-fiuorinc-brtdfed  chain  structure,  similar  to  those  of  MoF  .O' 
and  RcF.O  *  The  only  other  report  on  CrF.O  is  a  recent  paper 
by  Ogden  and  co-workers,  who  studied  its  infrared  and  (  V  vmbir 
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spectra  in  N:  matricea.5  From  a  measurement  of  the  chromium 
isotopic  shifts  and  relative  intensities  they  concluded  that  mo¬ 
nomeric  CrF40  has  a  square-pyramidal  structure  of  symmetry 
Ct,  and  an  OCrF  bond  angle  of  about  106°.  In  addition,  they 
found  that  CrF«0  combines  with  CsF  and  that  the  resulting  1:1 
adduct  has  infrared  bands  at  955  cm'1  (*-(Cr— O))  and  650-720 
cm"1  (v(C r — F)).J  In  this  paper  we  present  the  results  from  an 
independent  study  that  was  undertaken  in  our  laboratory  before 
the  paper  of  Ogden  et  al.  appeared.  It  includes  a  new  synthesis 
for  CrF40  and  spectroscopic  data  for  CrF40  in  the  gas  phase, 
in  the  solid  state,  and  in  different  solvents.  In  addition,  the 
previously  reported  matrix  isolation  data9  were  confirmed  and  the 
amphoteric  nature  of  CrF40  was  studied. 

Experimental  Section 

Apparatus  Volatile  materials  were  manipulated  in  stainless-steel 
vacuum  lines  equipped  with  Teflon-FEP  U-trapa,  316  stainless-steel 
bcllows-scal  or  Teflon-PFA  (Fluoroware.  Inc.)  valves,  and  a  Heise 
Bourdon  tube-type  pressure  gauge*  Either  Teflon-FEP  ampules  or 
sapphire  tubes  (Tyco  Co.)  equipped  with  stainless-steel  or  Teflon  valves 
were  used  as  reaction  vessels.  The  vacuum  lines  and  other  hardware 
employed  were  passivated  with  CIF,  and  BrF,  and,  if  HF  was  to  be  used, 
with  HF.  Nonvolatile  or  marginally  volatile  materials  were  handled  in 
the  dry  nitrogen  atmosphere  of  a  glovebox. 

Infrared  spectra  were  recorded  in  the  range  4000-200  cm"1  on  a 
Perkin-Elmer  Model  283  spectrophotometer.  Spectra  of  solids  were 
obtained  by  using  dry  powders  prosed  between  AgCl  or  AgBr  windows 
in  an  Econo  press  (Barnes  Engineering  Co.).  Spectra  of  gases  were 
obtained  by  using  s  Teflon  cell  of  5-cm  path  length  equipped  with  AgCl 
windows.  Matrix  isolation  spectra  were  obtained  at  6  K  with  an  Air 
Products  Model  DE202S  helium  refrigerator  equipped  with  Cat  windows. 
Research-grade  Nc  and  N,  (Mathcson)  were  used  as  matrix  materials 
in  mok  ratios  of  400: 1  Raman  spectra  were  recorded  on  either  a  Cary 
Model  83  or  a  Spcx  Model  1403  spectrophotometer  using  the  488-nm 
exciting  line  of  an  Ar  km  laser  or  the  647.1-nm  exciting  line  of  a  Kr  ion 
laser,  respectively  Sealed  quarts.  Teflon-FEP,  and  sapphire  tubes  were 
used  at  sample  containers  in  the  transvcrae-viewing-tranaverae-cxcitation 
mode.  A  previously  described’  device  was  used  for  recording  the  low- 
temperature  spectra.  The  '*F  NMR  spectra  of  the  samples  contained  in 
sealed.  5  nun  osL  Teflon-FEP  tubes  (Wilmad  Class  Co.)  were  recorded 
at  84.6  MHx  on  a  Vartan  Model  EM390  spectrometer  equipped  with  a 
variable- tempera  rare  probe.  X-ray  diffraction  patterns  of  the  powdered 
samples  in  sealed  0.3-nun  quarts  capillaries  were  obtained  by  using  a 
General  Electric  Modal  XRD-6  diffractometer,  Ni-filtered  Cu  Ka  ra¬ 
diation.  and  a  1 14.6-mm-diamctcr  Philips  camera 

Materials.  Literature  methods  were  used  for  the  syntheses  of  FNO* 
and  CrOjF,*  and  for  the  drying  of  HF  '•  For  KrF,.  the  literature 
method  involving  (JV  photolysis  of  Kr  and  liquid  F]  in  Pyres"  was 
modified  by  the  use  of  a  stainless-steel  reactor  equipped  with  a  sapphire 
window  11  AsF,  and  SOjCIF  (Oxarit  Mahoning)  aad  BrF,  (Mathesonl 
were  purified  by  fractional  condcnaaiioa  prior  to  their  use 

SyuAadsef  CrF/X  Into  a  passivated  0.75  in  o.d  Teflon-PFA  U-tebt 
attached  to  two  Teflon-PFA  valves  ( Fluoroware.  Inc  I  was  condensed  t 
weighed  amount  (3  50  mmol)  of  KrF,  at  -78  *C  under  a  dynamic  vac¬ 
uum  Then  CrO|F,  (3  6  mmol)  and  dry  HF  ( —  2  J  mL  of  liquid)  were 
added  at  -196  *C  The  mixture  wee  allowed  to  warm  from  -166  *C  to 
ambient  temperature  The  resulting  dark  brown  eotetma  was  kepi  at 
ambient  temperature  for  2  days  until  no  further  gas  evoiution  was  ob¬ 
served  and  the  color  of  the  solution  had  changed  from  brown  to  purple 
The  mixture  was  coaled  lo  -166  *C.  and  oxygen  ( 2  1  mmol)  was  mas 
•ured  The  randue  was  Mgs  rased  on  warmup  from  - 166  *C  bv  fract  towel 
CO  adeem  lion  under  s  dynamic  vacuum  through  a  unm  of  cold  traps  kept 
at  <l  -78  -126.  and -210  *C  The  fallowing  prod  ecu  were  collected 
in  them  traps  lllCrf.O  '  '  mmll  7g  < small  lament  of  t'rO.F ■  i 
126  tHFl  166  tKt  t  t  mmol i  (  rf.O  was  character' red  hi  it 
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vibrational  and  '*F  NMR  spectra  and  its  melting  point  (35  *C)  and  vapor 
pressure.2 

Synthesis  of  N0*CrF,O".  Into  a  passivated  0.5  in.  o.d.  Teflon-FEP 
U-tube,  attached  to  two  Teflon  valves,  were  condensed  CrF40  (0.937 
mmol)  and  FNO  (2.15  mmol)  at  -196  *C.  The  contents  of  the  tube  were 
allowed  to  warm  to  ambient  temperature.  At  first  a  dark  red-brown  solid 
formed,  which  turned  progressively  tighter  and  finally  resulted  in  a  pink 
color.  The  material  volatile  at  25  *C  was  pumped  off  and  consisted  of 
FNO  (1.19  mmol),  leaving  behind  185.3  mg  (weight  calculated  for  0.957 
mmol  of  NO*CrFjO~  184.7  mg)  of  a  pink  solid  that  was  characterized 
by  vibrational  spectroscopy  as  NO’CrFjO"  and  according  to  its  DSC 
analysis  starts  to  decompose  exothermically  at  about  237  *C.  Its  X-ray 
powder  pattern  showed  the  following  d  spacings  (A):  6.51  w.  5.94  vw. 
5.12  m.  4.84  vs,  4.46  mw,  4.02  vs,  3.89  vw,  3.342  vs,  3.005  mw.  2.882 
m,  2.231  ms.  2.015  w.  1.992  w.  1.949  w,  1.914  vw,  I  845  w,  1.799  w, 
1.770  w,  1.717  w,  1.677  w,  1.586  w,  1.511  vw.  1.453  vw.  1.426  vw.  1.409 
vw. 

Tht  CrF40-AsFs  System.  Into  a  0.5  in.  o.d.  sapphire  tube,  capped  off 
by  a  Teflon  valve,  were  condensed  CrF40  (0.370  mmol)  and  AsF,  (0.5 1 5 
mmol)  at  -196  *C.  The  temperature  of  the  mixture  was  cycled  several 
limes  between  -196  and  25  “C.  In  contrast  with  pure  CrF40,  which 
exhibits  a  purple  color  in  the  gas  phase,  the  gaseous  AsF,-CrF40  mixture 
did  not  show  any  detectable  color  at  25  “C  and  the  color  of  the  solid  in 
the  bottom  of  the  tube  had  changed  from  the  dark  purple  of  CrF40  to 
a  red-brown.  The  mixture  was  cooled  to  -78  *C,  and  the  volatile  material 
was  pumped  off.  It  consisted  of  AsF,  (0.50  mmol).  The  residue,  non¬ 
volatile  at  -78  *C,  consisted  of  CrF40  (0.37  mmol),  indicating  that 
CrF40  does  not  form  a  stable  adduct  with  AsF,  at  temperatures  as  low 
si  -7g  *C. 

The  CrFjO-AsF,  System.  When  CrF,0  (obtained  from  the  reaction 
of  CrF40-HF  mixtures  in  stainless-steel  equipment)  was  treated  with  an 
excess  of  AsF,,  as  described  above  for  the  CrFaO-AsF,  system,  all  the 
AsF,  starting  material  was  quantitatively  recovered  by  pumping  on  the 
mixture  at  -7g  *C. 

Renata  and  Dtarnaalnn 

CrF40.  Syntbmis.  The  reaction  of  CrOjFj  with  KrF2  in  an¬ 
hydrous  HF  solution  at  room  temperature  provides  a  new  synthesis 
for  CrF40.  The  reaction  proceeds  quantitatively  according  to 

HF 

2CrOjFj  +  2KrF2  2CrF40  +  2Kr  +  02 

The  reaction  is  initially  slow,  as  can  be  judged  from  the  color  of 
the  HF  solution,  but  once  started  it  proceeds  faster  The  use  of 
steel  equipment  should  be  avoided  for  this  reaction  because  a 
mixture  of  HF  and  CrF40  rapidly  attacks  steel  with  formation 
of  CrF,0 

The  use  of  a  twofold  excess  of  KrF;  in  the  above  reaction  did 
not  result  tn  additional  oxygen-fluorine  exchange  and  concomitant 
CrF4  formation  Instead,  the  formation  of  an  unstable  I  I  adduct 
between  CrF40  and  KrF]  was  observed  When  it  was  warmed 
to  room  temperature,  the  KrF,-CrF40  adduct  slowly  decomposed 
with  Kr.  F],  and  CrF40  evolution  The  nature  of  the  adduct  was 
studied  and  will  be  discussed  below  In  view  of  the  tendency  of 
CrF40  to  form  an  adduct  with  an  excess  of  KrF;  and  the  relative 
ease  of  separating  CrF.O  from  CrO-F,  by  fractional  condensation 
using  trapping  temperatures  of  -31  *C  ( bromobenzenc  slush  bathi 
for  CrF.O  ind  7g  *C  for  CrO,F;.  the  use  of  a  slight  excess  of 
t  rO;F;  is  preferable  for  the  synthesis  of  OF.O 

The  previously  reported  method2 '  for  the  synthesis  >»l  i  r| ,( ) 
involved  the  fluort nation  of  (  rO,  with  F.  at  elevated  temperature 
and  preaaurt  m  a  Monel  reactor  with  a  water  cooled  ud  Thu 
method  requires  careful  temperature  control  The  recommended 
conditions  are  1 40  *t  with  vtelda  of  2**8  ol  l  r  1 4t  >  and  ' '  '•  >t 
(  rO.f  .  If  the  reaction  temperature  is  increased  the  urn)  >t 
t  rf  4()  increases  but  t  rf  ,»  obtained  at  a  byproduct  who*  ■» 
very  difficult  to  separate  from  (  tf  ,(>  '  It  ihut  appran  "iat  ’be 
advantage  M  ihe  previous  method  '  >1  m.wt  - »,1 . 1 s  i.»  iNe 
itartmg  materials  it  rt),  ♦  f  >t  (  it)  I  ♦  tcri  .  m.i-gair,! 
by  ktwer  >ielda  more  i  enplet  hnrdwarv  re^ut'eme"''  ml  — •  -»r 
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Table  L  Vibrational  Spectra  (an-1)  of  Monomeric  and  Polymeric  CrF.O  Compared  to  That  of  MoF,Q 

— — 
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!R.  gas 
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*  Reference  13.  *  Approximate  frequencies  from  rtf  3.  'Reference  19.  for  the  solid  two  different  spectra  were  obtained  depending  on  whether  the  sample  had 
been  prepared  by  sublimation  or  by  solidification  of  the  melt.  'Obscured  bv  BrF,  solvent  band. 

•C  a  narrow  singlet  (~20  Hi)  at  about  485  ppm  down  field  from  ~~ 

external  CFCI,.  Thu  suggests  that  all  four  fluorines  are  equivalent  -n  A 

as  expected  for  a  monomeric,  square-pyramidal  CrF«0  molecule.  II  /  A 

This  was  also  confirmed  by  Raman  spectroscopy  (see  below).  til  1  \ 

CrF40  is  stable  in  passivated  steel.  Teflon,  or  flamed -out  quart!  'll  ]  \ 

but  not  in  Pyrex.  51  I  S*  \ 

Vttrnfltaal  Spectra  and  Structure.  The  square-pyramidal  j  f 

tetrafluoride  oxides  of  Mo.  W.  and  Re  are  rare  exceptions11  to  t  I 

the  Gillespie-Nyholm  valence  shell  electron  pair  repulsion  1 

(VSEPR)  theory.14  which  predicts  for  pentaooordinated  XF40  x  I 

molecules  Cto  symmetry,  i.e.  a  tngonal-bt pyramidal  structure.  2  cie.o 

Whereas  the  square-pyramidal  structures  of  monomeric  WF40  “* 

and  MoFtO  are  wed-established  by  demon  diffraction  studde,1’-1* 

the  only  previous  evidence  for  CrF.O  having  an  analogous  C«.  y» 

structure  was  based  on  a  recent  infrared  matrix  isolation  study  ’  .  .  *  .  . 

The  reaulu  of  our  study  confirm  the  previous  matrix  data’  and 

provide  additional  dau  on  the  infrared  spectrum  of  the  gas.  the  nwaUENCY.  cm" 

Raman  spectra  of  its  solutions,  and  the  infrared  and  Raman  Figure  I.  Infrarad  spectrum  of  gaseous  CrF.O  ai  l  ’  lorr  m  a  '  em 
■pectra  of  solid,  polymeric  CrF40  Teflon  cell  with  AgCI  windows 

We  were  in  the  process  of  studying  the  infrared  spectra  of  f _ T _ , 

CrF.O  in  nitrogen  and  naan  mstncee  when  we  learned  of  (he  , 

independent  work  at  the  University  of  Southampton  ’  Since  our  cse^  x' 

dau  for  the  N]  matncea  were  in  exoal lent  agreement  with  the  o  —  s' 

reaulu  of  tha  Southampton  group.  »«  discontinued  that  part  of  s'\  . — 

our  study  Our  reauhs  for  tha  neon  matncea  raws,  however,  one  [  \ 

minor  question  concerning  tha  splitting  of  ME)  into  two  com-  w  ne  ran  tji'sas 

pontnta  m  tha  N,  mains  This  splitting  has  been  attributed  to  I  f  oaaai  m 

t  maim  sue  effect  ’  Since  in  (he  neon  malm  s  similar  splitting  r  rfMl  \  sa 

ii  obaerved  for  »•.  alternate  e»  pie  net  tone  might  hare  to  be  con  S  0*40  /. 

tidered  I 

The  mfrsrad  spectra  of  gaseous  l  rF.O  tsee  Figures  I  and  2  £  »*«o  -v 

and  Table  I)  provide  further  evidence  for  a  monomeric  CrF.O  r,“’1 

moletuk  of  symmetry  (  .  A  sis  atom  XF.O  molecule  of  tvtn 

metrv  t  v  has  nine  fundamental  vtbrauoata.  which  are  claw  Tied  ’*  * 

as  1  A  ♦  I  ♦  I.  *  '  f  of  which  only  the  A.  and  the  F  modes  rra  r$e  -sa  ieee  rate  *eee 

•  ra  mfrared  active  (H  the  ais  infrared  active  modes  three  are 

•trasthang  "bratnww  and  are  the  .ualv  iwe  rs parsed  10  .nvr  atuwe  ntaotascr  mm  ' 

the  cutoff  Iraq  teener  of  the  Agt  I  windows  need  A.  van  he  teen 

from  Figure  I  three  bends  were  o Waned  and  then  frequerHies  ’’  '  1  ' 
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Figure  2).  Although  these  contours  are  complicated  by  the 
prtaeace  of  four  chromium  notopea  (*Cr,  4.3%;  nCr,  83.8%;  5JCr, 
9.4%;  “Cr,  2.3%),  the  PR  branch  splittings  of  about  18-19  cm'1 
for  the  At  parallel  bands  and  of  about  12  cm'1  for  the  perpen¬ 
dicular  band  of  species  E  are  in  good  agreement  with  a  previous 
analysis  for  square-pyramidal  MoF.O.  WF40,  and  RcF.O'1  In 
all  infrared  spectra  of  gaseous  CrF40  we  have  observed  a  weak 
infrared  band  at  826  cmH  of  constant  relative  intensity.  This  band 
is  probably  due  to  a  combination  band  or  overtone  of  CrF40  but 
at  the  present  time  cannot  positively  be  assigned. 

Since  CrF40  is  highly  soluble  in  both  BrF,  and  HF,  it  was 
possible  to  obtain  partial  Raman  spectra  for  solutions.  In 
agreement  with  the  ”F  NMR  data  (see  above),  the  Raman  data 
(see  Table  I)  suggest  that  CrF40  is  mooomeric  in  BrF,  solution. 
Within  experimental  error  the  Cr—O  stretching  frequency  for 
the  BrF,  solution  is  identical  with  those  of  the  gas  and  the  ma¬ 
trix-isolated  species.  Although  the  symmetric  CrF4  stretching 
mode.  »i(A,),  was  obscured  by  an  intense  BrF,  band,  two  de¬ 
formation  modes  were  observable  at  340  and  269  cm'1 .  The  latter 
was  polarized,  thus  confirming  its  assignment  to  the  symmetric 
CrF4  deformation  mode,  »,(A,).  as  previously  proposed.3 

For  the  HF  solution  of  CrF.O,  a  relatively  broad  band  at  1008 
cm'1  and  a  very  intense  band  at  677  cm'1  were  observed  in  the 
Cr— O  and  Cr — F  stretching  mode  regions,  respectively.  Their 
frequencies  are  intermediate  between  those  of  monomeric  CrF.O 
(see  Table  I)  and  CrF,0"  (see  below).  Therefore,  it  is  not  un¬ 
reasonable  to  attribute  these  observed  bands  to  a  polyanion  such 
as  Cr2F,02‘  formed  according  to 

2CrF40  +  2HF  e  H2F*  +  Cr2F,02 

This  interpretation  is  in  accord  with  previous  results  obtained  for 
the  HF-MoF40  and  HF-WF40  systems  ”  and  is  further  supported 
by  the  observation  of  a  broad  weak  Raman  band  at  about  380 
cm'1,  similar  to  that  observed  at  376  cm'1  for  Mo2F402'  " 

The  '*F  NMR  spectrum  of  the  HF  solution  of  CrF40  at  -30 
*C  was  also  recorded  and  showed  in  addition  to  the  HF  signal 
at  0  -199  a  very  broad  unresolved  signal  at  g  467  The  upfield 
shift  of  21  ppm  relative  to  monomeric  CrF40  in  BrF,  (see  above) 
parallels  that  previously  observed  for  WFtO  and  W2F,Qj'.'’ 

The  infrared  and  Raman  spectra  of  solid  CrF.O  are  shown  in 
Figure  3.  A  comparison  of  the  observed  spectra  to  those  of  solid 
MoF.O1*  (see  Table  I)  shows  doee  similarities,  indicating  similar 
structures  for  the  two  compounds,  i.e.  endless  co- fluorine- bridged 
chains  of  XF,Q  pseudooctabedrons.1  For  solid  MoF40.  two 
slightly  different  Raman  spectra  have  been  reported'*  for  sublimed 
MoF40  and  the  solidified  melt,  respectively  (see  Table  I)  Al¬ 
though  CrF.O  tt  known-1  to  undergo  a  solid-solid  phase  transition 
at  24  *C.  the  Raman  spectra  of  sublimed  CrF.O  and  of  the 
sobdified  mch  were  found  to  be  identical  within  experimental  error 
It  appears  that  the  polymorphism  observed  for  both  MoF.O  and 
CrF40  may  involve  only  slightly  different  packings  of  the  chains 
and  that  the  packings  in  MoF40  may  differ  from  those  in  CrF.O. 
as  indicated  by  the  fact  that  aebiuned  MoF.O1  and  CrF40'  have 
vastly  different  unit  cells  and  X-ray  powder  patterns 

•  ■pheeette  Nerve.  By  analogy  with  MoF.O'*  and  WF.O” 
and  on  the  basts  of  its  vibrational  spectra  (see  above),  monomeric 
CrF.O  has  a  square-pyramidal  structure  of  symmetry  C*  Thu 
square  pyramtdal-iype  structure  differs  only  verv  little  in  energy 
from  that  of  the  more  common  trigonal  btpyramid  '*  Since 
trigonal- hipyranudal  rnoierutas  generally  exhtbrt  a  very  pronounced 
tendency  to  form  both  tetrahedral  cations  and  octahedral  anions c 


t 


Hgme  3.  Vibrational  spectra  of  solid  CrF.O  (A)  infrared  spectrum  of 
the  wild  between  AgCt  daks  at  room  temperature:  ( B)  infrared  spectrum 
of  the  solid  ai  6  K  on  a  Cal  window.  <C)  Raman  spectrum  of  the  solid 
in  a  quarts  lube  recorded  at  -140  *C  wuh  647  i-nm  eactiinon 

it  was  interesting  to  explore  whether  square-pyramidal  molecules, 
such  as  CrF.O.  exhibit  a  similarly  strong  amphoteric  character 
It  waa  found  that  CrF.O  is  a  very  strong  Lewis  acid,  capable  of 
forming  a  liable  NO*  salt  with  FNO 

FNO  +  CrF.O  -  NO'CrF.O 

On  the  bans  of  its  DSC.  NO'CrF.O  starts  to  decompose  eao- 
tbernucaUy  at  about  237  *C  with  formation  of  ihe  potsamon  sail 
NO*CrF,0  -nCrF.O.  which  was  characterized  by  us  infrared 

spectrum  (tec  below) 

The  Lewtt  basicity  of  CrF.O  was  also  studied  \fc  uh  \sF it 
does  not  form  a  stable  adduct  at  temperatures  as  low  as  '8  *( 
Thu  indicates  that  CrF.O  is  a  rather  weak  Lewis  base  A  similar 
behavior  has  previously  been  found  (or  MoF.O  VM  .O,  and 
ReF.O  For  example.  MoF.O  and  WF.O  form  wuh  the  strong 
Lcwia  acid  SbF,  only  marginally  stable  I  I  addusts  that  consist 
of  either  fluorine-  bodged  ageag  chains  iMoF.OSbf.i  or  dimers 
containing  eight  membered  rings  wuh  two  Re  i»o  Sb  and  tour 
f  atoms  tRcF.OSbF .)  ’’  It  therefore  appears  ihai  all  these 
■quart  pyramidal  moiaculea  art  strong  fluoride  ion  acceptors 
i  lewis  acids  i  but  relatively  weak  F  donors  i  lew  is  bases  i 

NO'Frf.O  SysMBaaki  and  Pvapavalaa.  I  rf  ,0  combines  wuh 
FNO  mail  nwk  ratio  to  yield  the  «oitd  addusi  M>‘l  '1,0 
The  vvm{*iund  is  a  stable  crystalline  psisk  solid  It.  .mis  uturr 
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TaM*  IL  Vibrational  Spectra  (can1)  of  CrF,Q~  Cow  pa  rad  10  Those  of  MoF,0  tad  WF.O 
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F%*e4.  Vibrational  spectra  of  solid  N0*CrF,0~:  (A)  infrared  spec¬ 
trum  of  a  mixture  of  NO'CrFjO*  and  NO'CrFjO'  nCrF.O  between 
AfCI  dixkx  at  room  temperature;  (B)  infrared  spectrum  of  N0*CrF,0*; 
(C)  Raman  spectrum  of  solid  N0*CrF(0"  in  a  glass  capillary  recorded 
at  -140  *C  with  647  |-nm  excitation. 

was  cats  Wished  by  infrared  and  Raman  spectroscopy  (see  Figure 
4  and  Table  II).  which  shows  the  characteristic  NO*  stretching 
mode  at  about  2310  cm-1  11  The  assignments  for  CrF,0- in  point 
group  C%  were  made  by  analogy  with  those  previously  reported'1-22 
for  MoF,0"  and  WFjO"  (tee  Table  II)  and  show  plausible  trends 
if  the  corresponding  mass  and  coupling  effects  are  taken  into 
consideration  Of  the  given  assignments,  those  for  •,.  is.  and  v( 
are  firm  while  those  for  »*,  •».  •».  and  rl0  are  somewhat  tentative 

A  comparison  of  the  vibrational  spectra  of  N0*CrF|0-  with 
the  two  previously  reported  infrared  bands’  for  Cs*CrF,0"  shows 
substantial  frequency  differences  The  drop  in  the  Cr—O 
stretching  frequency  by  25  cm  1  from  N0*CrF,0  (  980  cm  ') 
to  Ci*CrF.O  (955  cm  1  is  larger  but  similar  to  those  previously 
found'"-22  for  the  corresponding  NO*-Cs*  couples  of  MoF.O-  and 
WF.O  and  most  likelv  is  caused  (o  some  extent  by  the  different 
degree  of  smon-cation  interactions  The  large  frequency  increase 
of  about  100  cm  for  the  antisymmetric  CrF.  stretching  mode 
from  NOXrF.O  toCVOF.O  is  more  difficult  to  explain  This 
band  is  generally  «ery  broad  and  the  choice  of  the  band  center 
can  be  difficult  However  in  ihts  case  the  shift  is  opposite  to  that 
reported  for  the  NO*MoF,  and  t VMoF.O  couple  and  the 
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FRCQUENCV.  Cm"1 

Figures.  Vibrational  spectra  of  solid  KrF,CrF,0  (A)  infrared  spec¬ 
trum  of  the  solid  between  AgCI  disks  al  -  1%  “C  (broken  line  indicates 
absorption  due  to  the  AgCI  window  material),  t  B)  Raman  spectrum  of 
the  solid  in  a  quartz  capillary  recorded  at  -144  *C  with  647  t-nm  ex¬ 
citation 

reported  Cs*CrF,0  value  (650-720  cm  't  is  outside  the  range 
(550-650  cm  ')  of  this  band  in  NO*CrF.O  but  falls  within  the 
range  observed  for  the  polyamon  CrF.O  -nCrF.O  (see  below  t 
A  comparison  of  the  data  of  Table  II  shows  that  for  the  NO*  jnd 
Cs*  salts  of  MoF.O  and  WF.O  there  are  also  some  large  fre¬ 
quency  shifts  for  the  bands  assigned  to  the  \-F'  stretching  mode 
r ,t  A 1 1  At  this  time  n  is  difficult  to  say  to  what  extent  these 

shifts  are  for  real 

The  infrared  spectrum  of  a  mixture  ol  NO*(  rl  .O  and 
NO*CrF.O  •eCtF<0  obtained  bv  controlled  pyrolysis  ol  NO* 
(rF.O  m  a  DSC  cell  ts  shown  as  tract  A  in  Figure  4  t  ompared 
to  that  ol  NO*(  rF.O  the  spectrum  shows  the  expected  changes 
i  e  btun  the  l  r  <7  and  (  r  f  stretching  m.de»  are  chitted  toward 
higher  fr  c^ucncici  *hu.h  arc  'mermeduie  Sc* wcer  *h»\c  *r 
(  r  >  <in<3  *olid  C  r  I-  >  T  hc\r  cl a\a  rulKj'c  'h.i'  vj  ;v  \Uv  *  i 
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TaMt  IU.  Vibrational  Spectra  (cm1)  and  Relative  Intensities*  of  Solid  Krf  j  CrF,0  Compared  to  Those  of  KrF;.  KrF;-MoF,0.  and  KrF.  WF.O 
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•Relative  RA  intensities  based  on  peak  heights  and  not  peak  areas.  ‘Reference  24.  f  Reference  23  ' F,  -  terminal  fluorine  F„  »  bridging 
fluorine. 


NO+Cr2F,Or  exist  and  are  thermally  more  stable  than  NO*- 
CrF,0-. 

KrF2OF40.  During  preparations  of  CrF40  from  Cr02F2  and 
an  excess  of  KrF2  it  was  noticed  that  KrF2  was  not  only  unable 
to  replace  the  second  oxygen  of  Cr02F2  by  two  fluorines  but  also 
formed  a  CrF4OKrF2  adduct.  This  adduct  formation  rendered 
the  removal  of  the  excess  KrF2  quite  difficult.  The  addict  was 
found  to  be  a  purple  solid  that  at  room  temperature  reversibly 
dissociates  to  KrF2  and  CrF40.  The  formation  of  a  KrF2-CrF40 
adduct  is  not  surprising  in  view  of  the  fact  that  both  WF40  and 
MoF40  form  adducts  with  KrF2.M  The  nature  of  KrF2-CrF40 
was  established  by  low-temperature  infrared,  Raman,  and  '’F 
NMR  spectroscopy. 

Vibrational  Spectra.  The  low-temperature  infrared  and  Raman 
spectra  of  KrF2-CrF40  were  recorded  and  are  shown  in  Figure 
5.  The  observed  frequencies  are  summarized  in  Table  III  The 
structural  identification  of  this  adduct  was  facilitated  by  the  fact 
that  the  analogous  KrF2-MoF«0  and  KrF2-WF40  adducts  had 
previously  been  thoroughly  characterized  by  Holloway  and 
Schrobilgen.23  These  investigators  have  established  by  nuclear 
magnetic  resonance  and  vibrational  spectroscopy  that  these  adducts 
are  predominantly  covalent,  containing  a  Kr-F-metal  bridge  in 
a  position  trans  to  the  oxygen  ligand 


TaMa  IV.  Frequencies  (cm*1)  of  ibe  ICrFj  Stretching  Modes  r  k-l 
Adducts 
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characteristic  for  either  ICrF*  and  OF  (>  see 
KrF2J4  and  CrF40  (see  above)  This  \  n,  . 
ICrFj-CrF.O  must  also  be  considered  as  j  prro<T* 
adduct  with  a  Kr-F-X  bridge  I  -nrr  hr  -r  a  •  I 
sitiea  of  the  CrF  stretching  modes  >i  jr  u- 
that  the  CrF.O  part  ol  the  add  MV  *  HUs  ’  tf  ’ 
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F2-CrF40  exhibits  the  smallest  frequency  separation,  suggesting 
that  the  covalency  of  the  KrFfXF40  adducts  increases  on  going 
from  X  ■  W  to  X  »  Cr. 

'*F  NMR  Spectra.  The  increase  in  covalency  for  KrF2-CrF40 
was  further  supported  by  "F  NMR  spectroscopy.  Whereas 
KtF2-XF40  (X  “  Mo,  W)  show  unequivocal  NMR  evidence  for 
a  fluorine-bridged  adduct  in  SO?ClF  solution,23  the  corresponding 
KrF]-CrF40  adduct  in  SO2CIF  showed  in  the  temperature  range 
-120  to  -10  *C  only  two  sharp  signals  due  to  CrF40  and  KrF2 
without  any  sign  of  coupling.  The  chemical  shift  of  the  CrF40 
resonance  exhibited  relatively  little  temperature  dependence  and 
occurred  in  the  range  482-486  ppm.  However,  the  chemical  shift 
of  KrFj  showed  a  very  pronounced  temperature  dependence 
varying  from  about  63  ppm  at  -1 18  °C  to  about  82  ppm  at  -10 
°C.  A  similarly  pronounced  temperature  dependence  of  the 
chemical  shift  of  KrF2  has  previously  been  observed  for  BrFs 
solutions  (68  ppm  at  -ISO  ®C  and  78  ppm  at  27  °C)  and  was 
attributed  to  solvation  effects.23 

Csstlsdoa  The  structure  and  physical  and  chemical  properties 
of  CrF40  resemble  those  of  WF40  and  MoF40.  Thus,  CrF40 


is  also  a  strong  Lewis  acid  and  forms  a  stable  NO*CrFsO“  salt. 
With  KrF2  it  forms  an  unstable,  highly  covalent  1:1  adduct  which 
in  S02C1F  solution,  contrary  to  those  of  WF40  and  M0F4O.  is 
completely  dissociated  to  KrF2  and  CrF40.  The  major  difference 
between  CrF40  and  MoF40  and  WF40  is  the  strong  increase  in 
oxidizing  power  from  WF40  to  CrF40  with  the  latter  being  ca¬ 
pable  of  oxidizing  02  to  02+  and  NF2  to  NF4\27 
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ESTIMATION  OF  THE  N-F  BOND  DISTANCE  IN  NF*+  FROM  ITS  GENERAL 

VALENCE  FORCE  FIELD 

(Received  12  October  1985;  accepted  31  January  1986) 

Abstract — The  estimate  of  the  bond  length  in  NF«  from  the  published  general  valence  force  field  was  revised 
and  a  value  of  1.31  A  is  suggested. 


Although  the  NF/  cation  has  been  known  for  two  decades 
[1, 2],  so  far  all  attempts  have  failed  to  obtain  a  crystal 
structure  of  one  of  its  salts  and  thus  a  value  for  its  N-F  bond 
length.  Based  on  its  known  general  valence  force  field,  the 
N-F  bond  length  of  NF/  has  been  estimated  u  1.24  A  [3], 
Since  this  value  is  unusually  short  and  disagrees  with  that  of 
1 J2  A  recently  predicted  by  ab  initio  studies  [4],  the  basis  for 
the  previous  estimate  of  1.24  A  was  reexamined. 

For  the  previous  estimate  of  r^p  of  NF/  from  its 
stretching  force  constant /,  (6.15  N/cm)  a  linear  extrapolation 
was  used  which  was  based  on  only  two  data  points  (FNO, 
r  —  1.512A,  f,  m  2.1SN/cm;  and  NF*  r-  1.365A, 
f,  -  4.3 1  N/cm).  If  additional  NF  compounds  for  which 
reliable  bond  distances  and  force  constants  are  available  ( NF, 
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Fig.  1.  Extrapolation  of  the  N-F  bond  length  of  NF/  from 
its  stretching  force  constant 


r-  1.3173A[5],/,-5.90N/cm[6];FNOi.r-  1.467A[T), 
f,  »  2.678  N/cm  [8] )  are  included  in  the  bond  length  extrapo¬ 
lation,  it  becomes  obvious  (see  Fig.  1)  that  the  previous  linear 
extrapolation  is  a  poor  approximation.  As  has  previously 
been  shown  for  other  bonds,  the  plots  of  fr  against  r  are 
nonlinear  [9]  and  resemble  that  of  Fig.  1.  Using  the  curve  of 
Fig.  1  and  a  f  value  of  6.15N/cm,  the  N-F  bond  length  of 
NF*  is  estimated  as  about  1.31  A.  This  value  is  in  excellent 
agreement  with  the  ab  initio  value  of  1.32A  and  clearly  is  a 
better  estimate  than  the  previously  published  value  of  1.24  A 
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Chemical  Synthesis  of  Elemental  Fluorine 

Sir: 

The  chemical  synthesis1  of  elemental  fluorine  has  been  pursued 
for  at  least  173  years1  by  many  notable  chemists,  including  Davy,2 
Fremy,3  Moissan.4  and  Ruff.3  All  their  attempts  have  failed,  and 
the  only  known  practical  synthesis  of  F2  is  Moissan's  electro¬ 
chemical  process,  which  was  discovered  exactly  100  yean  ago.* 
Although  in  principle  the  thermal  decomposition  of  any  fluoride 
is  bound  to  yield  fluorine,  the  required  reaction  temperatures  and 
conditions  are  so  extreme  that  rapid  reaction  of  the  evolved  fluorine 
with  the  hot  reactor  walls  preempts  the  isolation  of  significant 
amounts  of  fluorine.  Thus,  even  in  the  well-publicized  case  of 
KjPbF7,7J  only  trace  amounts  of  fluorine  were  isolated.3-* 
These  failures,  combined  with  the  fact  that  fluorine  is  the  most 
electronegative  element  and  generally  exhibits  the  highest  single 
bond  cnergMS  in  its  combinations  with  other  elements.10  have  led 
to  the  widely  accepted11"13  belief  that  it  is  impossible  to  generate 
fluorine  by  purely  chemical  means. 

The  purpose  of  this  communication  is  to  report  the  first  purely 
chemical  synthesis  of  elemental  fluorine  in  significant  yield  and 
concentration.  This  synthesis  is  based  on  the  fact  that  thermo¬ 
dynamically  unstable  high-oxidation-state  transition- metal 
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fluorides  can  be  stabilized  by  anion  formation.  Thus,  unstable 
NiF„  CuF«,  or  MnF«  can  be  stabilized  in  the  form  of  their  cor¬ 
responding  MF42"  anions.  Furthermore,  it  is  well-known  that  a 
weaker  Lewis  acid,  such  as  MF4,  can  be  displaced  from  its  salts 
by  a  stronger  Lewis  acid,  such  as  SbFj. 

K,MF4  +  2SbF,  —  2KSbF(  +  [MF«]  <  1 ) 

If  the  liberated  MF4  is  thermodynamically  unstable,  it  will 
spontaneously  decompose  to  a  lower  fluoride,  such  as  MF,  or  MF.. 
with  simultaneous  evolution  of  elemental  fluorine. 

[MF.]  -  MF,  +  >/jF:  (2) 

Since  a  reversal  of  (2)  is  thermodynamically  not  favored,  fluorine 
can  be  generated  even  at  relatively  high  pressures. 

Consequently,  the  chemical  generation  of  elemental  fluorine 
might  be  accomplished  by  a  very  simple  displacement  reaction, 
provided  a  suitable  complex  fluoro  anion  is  selected  which  can 
be  prepared  without  the  use  of  elemental  fluorine  and  is  derived 
from  a  thermodynamically  unstable  parent  molecule.  The  sal: 
selected  for  this  study  was  K,MnFt.  It  has  been  known14  since 
1899  and  is  best  prepared  from  aqueous  HF  solution.17 

2KMnO«  +  2KF  +  10HF  +  3H202 

2KzMnF4i  +  8HjO  +  30-  (3) 

The  literature  yield  of  30%  was  increased  to  73%  and  can 
probably  be  improved  further  by  refining  the  washing  procedure 
(use  of  acetone  instead  of  HF).'°  The  other  starting  materia!. 
SbF,.  can  be  prepared1*  in  high  yield  from  SbCI,  and  HF 

SbClj  +  5HF  —  SbF,  +  SHC1  (4) 

Since  both  starting  materials,  K2MnF4  and  SbF,,  can  be  readily 
prepared  without  the  use  of  F2  from  HF  solutions,  the  reaction 

K2MnF4  +  2SbF,  —  2KSbF4  +  MnF,  +  '/jF,  (5) 

represents  a  truly  chemical  synthesis  of  elements!  fluorine. 

The  displacement  reaction  between  K.2MnF4  and  SbF,  was 
carried  out  in  a  pasaivated  Teflon-stainless-steel  reactor  at  1 50 
*C  for  I  h.  The  gas.  volatile  at  -196  *C.  was  measured  by  PVT 
and  shown  by  its  reaction  with  mercury  and  its  characteristic  odor 
to  be  fluorine.  The  yield  of  fluorine  based  on  (5)  was  found  to 
be  repri-duc-ble  and  in  excess  of  40%  but  most  likely  can  be 
improved  upon  significantly  by  refinement  of  the  experimental 
conditions.  Fluorine  pressures  of  more  than  I  atm  were  generated 
in  this  manner. 

In  summary,  the  purely  chemical  generation  of  elemental 
fluorine  can  be  achieved  in  high  yield  and  concentration  by  a  ver\ 
simple  displacement  reaction  between  starting  materials  that  car. 
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19*1.  43.  S3 
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be  prepared  in  Ugh  yields  from  HF  solutions  and  have  been  known 
for  80  years  or  longer.  As  in  the  cases  of  noble  gas*  or  NF« 11 
chemistry,  the  suooeesAil  chemical  synthesis  of  dements!  fluorine 
demonstrates  that  one  should  never  cease  to  critically  challenge 
accepted  dogmas. 
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SUMMARY 

NitSbFg)^  was  prepared  from  Ni  powder,  F^  and  SbF^  at 

270*C  and  250  atm  pressure.  The  yellow,  crystalline  material 

is  .stable  to  at  least  230*C  and  was  characterized  by  elemental 

analysis,  x-ray  powder  data,  and  vibrational  spectroscopy. 

The  crystal  structure  of  Ni(SbFfi)2,  (hexagonal,  a  ■  5.16A, 

c  -  27.90A,  Z  -  3),  can  be  related  to  the  rhombohedral-hexagonal 

LiSbF,  structure  by  occupation  of  only  every  second  Li+  site 
e  2  + 

with  Ni  and  by  the  concomitant  doubling  of  the  c-axis  of  its 
hexagonal  unit  cell. 

INTRODUCTION 

In  high  temperature  fluorination  reactions  involving 
elemental  fluorine  and  a  strong  Lewis  acid  in  a  metal  cylinder, 
the  metal  cylinder  is  usually  strongly  attacked  by  the  reagents. 
To  minimize  these  side  reactions,  cylinders  made  from  either 
nickel  or  nickel-copper  alloys,  such  as  Monel,  are  generally 
used.  Even  under  these  conditions  the  attack  on  the  cylinder 
is  still  appreciable  and  often  can  compete  with  the  desired 
reactions  [1-3].  Although  it  has  repeatedly  been  stated  that 
the  side  products  in  Fj-MF^ (M-As , Sb, Bi )  reactions  in  nickel 
reactors  are  Ni ( MF^ ) 2  salts  [1-3],  very  few  data  have  been 
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published  for  these  compounds.  For  Ni(AsF6)2,  only  its  x-ray 
powder  pattern  and  vibrational  spectra  [4]  and,  for  Ni(SbF6>2, 
only  its  magnetic  moment  [5]  have  been  published.  In  view  of 
the  fact  that  these  salts  are  very  common  impurities  in  most 
high-temperature,  high-pressure  fluorination  reactions  involving 
these  Lewis  acids  and  fluorine,  a  better  characterization  of 
these  nickel  salts  was  highly  desirable. 


EXPERIMENTAL 

Apparatus 

Fluorine  (Air  Products)  was  handled  in  a  con¬ 
ventional  stainless  steel-Teflon  FEP  vacuum  line.  Solids  and 
SbFj  (Ozark  Mahoning,  purified  by  vacuum  distillation  prior  to 
use)  were  handled  in  the  dry  nitrogen  atmosphere  of  a  glove 
box.  Infrared  spectra  were  recorded  on  a  Perkin  Elmer  Model 
283  spectrometer.  Raman  spectra  were  recorded  on  a  Spex  Model 
1403  spectrophotometer  using  the  647.1  nm  exciting  line  of  a 
Kr-ion  laser  and  melting  point  capillaries  as  sample  containers. 
X-ray  diffraction  patterns  were  obtained  using  0.5  mm  quartz 
capillaries,  a  General  Electric  Model  XRD-6  diffractometer, 
Ni-filtered  CuKq  radiation,  and  a  114.6  mm  diameter  Phillips 
camera. 

Ni  ( SbF  2 

Nickel  powder  (7.968  mmol)  was  placed  into  a 
20  mL  nickel  cylinder  equipped  with  a  nickel  valve.  The 
cylinder  containing  the  Ni  powder  was  passivated  at  ambient 
temperature  with  2  atm  of  gaseous  F2  for  2.5  hr.  The  F2  was 
pumped  off  and  distilled  SbF^  (53.80  mmol)  was  added  to  the 
cylinder  in  the  dry  box.  The  cylinder  was  connected  to  a 
stainless  steel  vacuum  line,  evacuated  and  cooled  to  -196*C. 
Fluorine  (60.5  mmol)  was  condensed  into  the  cylinder,  and  the 
cylinder  was  allowed  to  warm  to  ambient  temperature  behind  a 
barricade.  The  cylinder  was  placed  into  an  oven  and  heated 
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to  270*C  for  88  hr,  cooled,  and  then  reconnected  to  the  vacuum 
line.  The;  excess  of  F2  was  pumped  off  at  room  temperature, 
and  the  reactor  was  heated  in  a  dynamic  vacuum  to  180*C  for 
7  hr.  The  yellow  crystallinic  residue  (14.257g,  weight  calcd. 
for  26.90  mmol  of  Ni(SbFg)2  ■  14.262g)  did  not  lose  any  weight 
on  heating  to  230*C  for  4  hr  in  a  dynamic  vacuum.  Anal.  Calcd 
for  Ni(SbF6)2  Ni,  11.07?  Sb,  45.93;  F,  43.00.  Found:  Ni, 
11.22?  Sb,  46.20?  F,  42.67. 


RESULTS  AND  DISCUSSION 


Synthesis  and  Properties  of  Ni(SbFg).. 

The  reaction  of  F2  and  SbF^  with  nickel  powder  was  carried 
out  in  a  nickel  reactor  at  270aC  and  about  250  atm  pressure.  It 
resulted  not  only  in  a  quantitative  conversion  of  the  nickel  powder 
to  Ni (SbFg) 2 »  but  also  in  an  attack  on  the  walls  of  the  nickel 
vessel  until  the  limiting  reagent,  SbF,.,  was  completely  consumed  by 
formation  of  Ni(SbFg)2.  The  product  was  a  finely  divided,  pale  yellow, 
hygroscopic,  crystalline  powder  which  is  stable  in  a  dynamic 
vacuum  up  to  at  least  230*C.  Its  composition  was  established 
by  the  observed  material  balance  and  elemental  analysis.  It 
readily  dissolves  in  water  with  the  green  color  characteristic 
for  aqueous  solutions  of  Ni^+.  With  CH^CN  it  forms  a  bright 
blue  solid  and  solution.  By  analogy  with  the  known  [6]  compound 
[ Ni( CH^CN ) g ) *{ BF4  )2#  the  blue  color  suggests  the  formation 
of  the  corresponding  ( NiCCH^CN ) g ] ( SbFg  )2  complex.  In 
anhydrous  HF,  Ni(SbFg)2  is  quite  soluble.  Large  cube-shaped 
crystals  were  grown  from  this  solvent.  However,  they  tended 
to  be  multiple  crystals,  thus  preempting  a  crystal  structure 
determination. 


X-Ray  Diffraction  Data 

Due  to  the  lack  of  suitable  single  crystals,  only  powder  data 
could  be  recorded  for  Ni(SbFg)2>  The  observed  pattern  (see  Table  I) 
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closely  resembles  those  previously  reported  for  the  hexagonal- 
rhombohedral  AMFg-type  compounds  LiBiFg  and  NaBiFg  [7] .  These 
compounds  are  isotypic  with  LiSbFg  whose  structure  is  well  known 
from  single  crystal  data  and  can  be  considered  as  a  rhombohedrally 
distorted,  face-centered  cubic  NaSbFg-type  structure  [8] . 

Replacement  of  the  singly  charged  Li+  cations  by  doubly 
charged  Ni^+  cations  in  the  LiSbF,  lattice  results  in  half  of 

O  - 

the  cation  sites  becoming  vacant.  The  distribution  of  the  Ni  + 

sites  and  vacancies  could  be  either  ordered  or  disordered.  If  it 
2  + 

is  ordered,  Ni  sites  alternate  with  vacancies,  and  therefore 
the  unit  cell  dimensions  of  LiSbF,  must  be  doubled  for  Ni(SbF, )_. 

O  D  Z 


A  closer  inspection  of  the  powder  pattern  of  Ni(SbF,  )- 

•  D  ^ 

reveals  indeed  the  presence  of  a  weak  line  at  4.03A.  This 

line  can  only  be  indexed  if  the  value  of  the  c-axis  of  the 

hexagonal  (Z  -  3)  LiSbFg  unit  cell  is  doubled,  resulting  in 

the  following  unit  cell  parameters  for  Ni(SbF, a  -  5.16A, 

•  #2  t>  z 

c  -  27.90A,  V  -  643. 3A,  and  Z  ■  3.  Other  super-structure  lines 

were  not  observed,  but  their  relative  intensities  might  be  very 

low.  If  the  Ni(SbFg)2  pattern  is  indexed  based  on  this  doubled 

hexagonal  cell,  the  rhombohedral  condition,  -h  ♦  k  +  1  *  3n, 

obviously  is  no  longer  met. 


On  the  other  hand,  if  the  distribution  of  the  Ni^+  and 
vacancy  sites  were  disordered,  no  super-structure  lines  should 
be  observable.  Consequently,  the  x-ray  powder  diffraction  data 
of  Ni(SbFg)2  are  best  interpreted  in  terms  of  a  LiSbFg-type 
structure  with  an  ordered  occupation  of  the  Li+  sites  by  Ni^+ 
and  vacancies. 


In  LiSbFg  each  Li  is  surrounded  by  six  F  from  six  different 
SbFg  octahedra  (8].  Thus,  both  Li  and  Sb  are  hexacoordinated 
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TABLE  ,1 

X-RAY  POWDER  DATA  FOR  Ni(SbF6)2® 


• 

d(obsd),  A 

• 

d(calcd),  A 

Intens. 

h 

k  1 

4.61 

4.65 

ms 

0 

0  6 

4.24 

4.26 

s 

1 

0  2 

4.03 

4.03 

w 

1 

0  3 

3.75 

3.76 

s 

0 

1  4 

2.744 

2.750 

ms 

1 

0  8 

2.576 

2.582 

mw 

1 

1  0 

2.363 

2.367 

m 

0 

1,10 

2.252 

2.257 

s 

1 

1  6 

2.207 

2.208 

mw 

0 

2  2 

2.125 

2.129 

mw 

2 

0  4 

1.881 

1.882 

m 

0 

2  8 

1.819 

1.820 

m 

1 

0,14 

1.745 

1.745 

w 

2 

0,10 

1.728 

1.728 

s 

1 

1,12 

1.681 

1.678 

m 

2 

1  2 

1.646 

1.643 

m 

1 

2  4 

1.625 

1.625 

w 

0 

1,16 

1.550 

1.550 

vw 

0 

0,18 

1.521 

1.521 

m 

2 

1  8 

1.491 

1.491 

m 

3 

0  0 

1.447 

1.446 

mw 

1 

2,10 

1.420 

1.419 

mw 

3 

0  6 

1.377 

1.375 

w 

2 

0,16 

1.332 

1.332 

m 

1 

0,20 

1.292 

1.291 

mw 

2 

2  0 

1.257 

1.255 

w 

3 

0  12 

1.246 

1.244 

w 

2 

2  6 

1.235 

1.235 

w 

1 

3  2 

1.223 

1.221 

mw 

1 

3  4 

1.216 

1.214 

mw 

1 

2  16 

a  •  •  *3 

Hexagonal;  a  *  5.16A,  c  -  27.90A,  Z  M  3,  V  ■  643. 3A; 

CuKa  radiation,  Ni  filter. 
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with  respect  to  fluorine,  and  each  fluorine  has  one  nearest  Sb 

and  Li  neighbor.  In  Ni(SbFg)2  half  of  the  Li  sites  of  LiSbFg 

have  been  substituted  with  Ni  while  the  other  half  is  vacant. 

Assuming  an  ordered  distribution  of  Ni  sites  and  vacancies,  only 

three  of  the  six  fluorines  of  each  SbF,  anion  can  form  fluorine 
2+  6 

bridges  to  Ni  cations.  Furthermore,  a  close  inspection  of  the 
LiSbFg  structure  suggests  that  for  Ni(SbFg)2  the  three  bridging 
fluorines  of  each  SbFg  anion  must  be  cis  with  respect  to  each 
other,  i .e .  share  a  common  face  of  the  SbFg  octahedron.  Con¬ 
sequently,  the  site  symmetry  of  the  Sb  atom  in  Ni(SbFg)2  may 
not  be  higher  than  C^v- 

A  comparison  of  the  unit  cell  of  Ni(SbFg)2  with  those  of 

numerous  other  AMF,-type  compounds  [9]  shows  excellent  agreement. 

b  2+  *  + 

The  ionic  radius  of  Ni  (0.69A)  [10]  is  similar  to  that  of  Li 

(0.60A)  [9],  and  all  the  LiMFg-type  compounds  of  [9]  possess 

the  rhombohedral-hexagonal  LiSbFg  structure.  As  discussed 

above,  the  Ni(SbFg)2  structure  can  be  derived  directly  from 

the  LiSbFg  structure  by  converting  the  unimolecular  rhombo- 

hedral  LiSbFg  cell  to  its  corresponding  trimolecular  hexagonal 

cell,  and  then  doubling  the  c-axis  of  the  latter  to  accomodate 

a  whole  number  of  both,  Ni^+  cation  and  vacancy  sites. 

A  comparison  of  the  powder  pattern  of  Ni(SbFg)2  with 
that  published  for  Ni(AsFg)2  [4]  shows  that  the  two  compounds 
are  not  isotypic.  This  is  unexpected  because  LiAsFg  and  NaAsFg 
are  both  isotypic  with  LiSbFg  [9].  The  pattern  of  Ni(AsFg)2 
has  previously  been  indexed  [4]  for  a  pseudo-cubic  (a/c  ■  ^2*) , 
tetragonal  unit  cell  with  a  *  13.62,  c  =  9.63A,  and  Z  =  8. 

Vibrational  Soectra 

In  A+MF  -type  compounds,  the  nature  and  extent  of  the  cation- 

6  2  + 
anion  interaction  are  of  particular  interest  [4].  For  B  (MFg  )  - 

type  compounds,  this  interaction  becomes  even  more  interesting 

because  only  half  of.  the  fluorines  can  participate  in  bridges  and 

the  increased  positive  charge  of  the  cations  should  result  in 

stronger  anion-cation  attractions.  As  a  consequence,  the  high 

symmetry  of  the  MFg  anions  in  a  compound  such  as  LiSbFg  [8]  is 
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4 

4 

destroyed  and  vibrational  spectroscopy  should  be  well  suited  for 

i  * 

the  study  of  this  problem.  | 

»  i 

I 


According  to  the  above  x-ray  data,  the  site  symmetry  of  the 
SbFg*  anions  in  Ni(SbFg)2  must  be  C^v  or  lower  and  further 
splittings  of  bands  are  possible  because  the  unit  cell  contains 
six  SbFg  anions.  The  number  of  the  possible  fundamental 
vibrations  and  their  expected  infrared  and  Raman  activities 
are  shown  in  Table  II  for  symmetry  C^y  and  the  appropriate  sub¬ 
groups.  However,  without  knowledge  of  the  space  group  and  factor 

group  of  Ni(SbF,  ).,,  a  detailed  analysis  is  not  possible, 
o  2 


TABLE  II 

Correlation  table  for  SbF&  IN  Ni(SbFg)2 


vsym  in  phase 
vsym  out  of  phase 

vasym 


<5sym 


<5sym  in  plane 


6sym  out  of  plane 


IR  active 


lu 

Ar  E 

A,  E 

ig,Eg'F2g 

A:,E 

A,  E 

A*  ,  A" 


RA  active 


A'  ,  A 
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,  The  observed  infrared  and  Raman  spectra  are  shown  in 
Fig.  1(  and  the  frequencies  are  summarized  in  Table  III.  In 
the  frequency  range  expected  for  Sb-F  stretching  vibrations 
(500-750  cm  ^),  at  least  eight  infrared  and  seven  Raman  bands 
are  observed  which  are  not  mutually  exclusive.  These  data 
clearly  indicate  that  SbF^  in  NitSbFg)^  is  not  octahedral,  but 
strongly  distorted.  The  number  of  observed  Sb-F  stretching 
modes  exceeds  not  only  that  (four)  expected  for  either  C^v  or 
symmetry,  but  also  that  (six)  predicted  for  either  C£  or 
symmetry,  and  is  attributed  to  a  low  site  symmetry  of  SbFg 
and  a  dynamic  coupling  of  the  anions  in  the  unit  cell. 

Based  on  frequency  and  intensity  arguments,  the  following 
tentative  assignments  are  proposed  for  the  Sb-F  stretching  modes 
(see  Table  III).  The  three  nonbridging  fluorines  should  have 
higher  frequencies  and  narrower  and  more  intense  Raman  bands  than 
the  bridging  ones.  Furthermore,  the  symmetric  stretching  modes 
should  be  more  intense  in  the  Raman  and  the  antisymmetric  ones 
more  intense  in  the  infrared  spectra.  The  relative  sharpness 
of  the  nonbridging  SbF^  Raman  bands  lends  additional  support  to 
our  assumption  of  an  ordered  structure  for  Ni(SbFc),. 

For  a  disordered  structure  we  would  expect  even  more  bands 
and,  in  particular,  more  diffuse  Raman  bands  due  to  the  irregu¬ 
larities  in  the  fluorine  bridging. 

The  bands  in  the  170  to  320  cm  ^  frequency  range  are  assigned 
to  the  Sb-F  deformation  modes.  As  for  the  stretching  modes,  the 
frequency  range  covered  by  these  vibrations  is  again  considerably 
wider  than,  for  example,  for  free  SbF^  (11,12).  This  effect  is 
attributed  to  the  influence  of  the  fluorine  bridges  which  will 
weaken  the  bridging  Sb-F  and  strengthen  the  nonbridging  Sb-F  bonds. 
The  frequency  of  a  medium  intensity  infrared  band  with  a  very  weak 
Raman  counterpart  in  the  350  cm  ^  region  appears  high  for  an  Sb-F 
deformation  mode,  but  is  in  the  range  expected  for  the  Ni...FSb 
stretching  mode  and,  therefore,  is  assigned  accordingly. 
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Fig.  1.  Vibrational  Spectra  of  Solid  Ni(SbFg)2.  Traces 
A  and  B,  infrared  spectra  as  KBr  and  AgCl  pellets,  respectively. 
The  broken  line  in  trace  A  probably  contains  a  contribution  from 
KSbFg  generated  by  interaction  of  KBr  with  Ni(SbFg)2.  The  broken 
line  in  B  is  due  to  absorption  by  the  AgCl  window  material.  Trace 
C,  Raman  spectrum,  recorded  with  a  slit  width  of  5  cm 


uncorrected  Raman  intensities  based  on  relative  peak  heights 
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CONCLUSION 

The  above  data  demonstrate  that,  compared  to  Ni( AsFg )2  [3], 
Ni(SbFg)2  is  thermally  much  more  stable  and  is  readily  formed  in 
high  pressure-high  temperature  f luorination  reactions  involving 
SbFg)in  nickel  reactors.  X-ray  powder  diffraction  data  and 
vibrational  spectra  show  that  the  Ni(SbFg)2  structure  can  be 
derived  from  the  rhombohedral-hexagonal  LiSbFg  structure  by 
substitution  of  the  Li+  cations  by  half  as  many  Ni^+  cations 
and  vacancies.  The  observation  of  a  super-structure  line  in 
the  x-ray  powder  data  and  the  well  defined  and  sharp  Raman 
spectra  support  a  structural  model  in  which  the  Ni^+  sites 
and  vacancies  are  ordered. 
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APPENDIX  S 

Contribution  from  Rocketdyne,  A  Division  of  Rockwell 
International,  Canoga  Park,  California  91303 

On  the  Condensed  Phases  of  Dlfluoramlne  and  Its 

_ Alkali  Metal  Fluoride  Adducts _ 

Karl  0.  Chrlste*  and  Richard  D.  Wilson 

Abstract 

Infrared  and  Raman  spectra  of  HNF2  and  ONF^  In  the  liquid  and  the  solid  phases 
show  that  the  compounds  are  associated  through  hydrogen  bridges  between  the 
nitrogen  atoms.  Raman  spectra  of  the  KF,  RbF  and  CsF  adducts  and  Infrared  spectra 
of  the  RbF  adduct  of  dlfluoramlne  are  Interpreted  In  terms  of  strongly  hydrogen 
bridged  [F*«*HNF2]~  anions.  For  the  CsF  and  RbF  adducts  evidence  was  obtained 
for  the  existence  of  a  distinct  second  modification  of  the  [F*««  HNF2]~  anion 
with  a  significantly  stronger  hydrogen  bridge.  The  reactions  of  KF*HNF2  with 
TeFgOF,  0F2,  F0N02  and  F0C103  were  studied  and  resulted  In  the  fluorlnatlon 
of  HNF2  to  HF  and  N^. 

Introduction 

i  2 

Although  HNF2  (dlfluoramlne  or  fluorlmlde)  has  been  known  ’  since  1959,  the 

literature  on  this  Interesting  compound  Is  sparse.  This  lack  of  data  may  be 

attributed  to  the  fact  that  HNF2  Is  a  vicious  explosive. While  studying 

5-7 

alkali  metal  fluoride  catalyzed  reactions  of  HNF2  with  various  Inorganic 
hypofluorltes,  we  became  Interested  also  In  the  nature  of  the  MF*HNF2  adducts 

s-i 


(M»K,  Rb,  Cs).  The  existence  of  these  adducts  was  reported6  In  1965,  and  it  was 
shown  that  KF*HNF2,  RbF«HNF2  and  CsF»HNF2  are  stable  up  to  about  -90*,  -72* 
and  -64*C,  respectively.  Whereas  KF*HNF2  and  RbF»HNF2  undergo  smooth 
dissociation  on  warmup,  CsF»HNF?  Invariably  explodes  before  reaching  room 
temperature.6  The  nature  of  these  adducts  has  previously  been  studied  by 
low-temperature  Infrared  spectroscopy,  and  It  was  postulated  that  CsF*HNF2 

Q 

possesses  a  structure  different  from  those  of  the  other  MF«HNF2  adducts. 

However,  the  experimental  evidence  In  support  of  either  structure  was  not 
convincing  due  to  strong  Interference  from  water  and  Impurity  bands.  In  order  to 
obtain  more  reliable  data  on  these  Interesting  adducts,  we  have  recorded  their 

low-temperature  Raman  and  Infrared  spectra.  Since  for  dlfluoramlne  only  gas 

a  10 

phase  and  partial,  low  resolution,  solid  phase  Infrared  spectra  had 

previously  been  reported.  It  became  also  necessary  to  record  Its  Infrared  and  Raman 

spectra  In  the  condensed  phases.  This  allowed  a  better  distinction  between 

MF«HNF2  bands  and  those  due  to  associated  HNF2  and  provided  some  Insight  Into 

the  nature  of  the  association  of  HNF2  In  the  condensed  phases. 


Experimental  Section 


Caution!  Dlfluoramlne  Is  highly  explosive,1®’11  and  protective  shielding  and 
clothing  should  be  used  during  handling  operations.  The  compound  was  always 
condensed  at  -142*C,  and  the  use  of  a  -196*C  bath  for  condensing  HNF2  should  be 

3 

avoided.  Furthermore,  the  CsF*HNF2  adduct  Invariably  explodes  before  reaching 
0*C.6  The  hypof luorltes  FOClOj,11  FONO11  and  TeFjOF12  are  also 
shock-  sensitive  and  must  be  handled  with  the  same  precautions. 


Dlfluoramlne  was  handled  In  either  a  glass  or  all  Teflon-FEP  and  -PFA  vacuum  line 
to  avoid  metal  fluoride  catalyzed  HF  elimination.  Other  volatile  materials  were 
handled  In  a  stainless  steel  vacuum  line  equipped  with  Teflon-FEP  U-traps,  316 
stainless  steel  bellows-seal  valves,  and  a  Helse  Bourdon  tube-type  pressure  gauge. 
Nonvolatile  materials  were  handled  in  the  dry  atmosphere  of  a  glove  box. 

Dlfluoramlne  was  prepared  by  hydrolysis  of  dlfluorourea  using  a  literature 

method.  For  the  synthesis  of  DNFj,  a  previously  reported  method  Involving  H-D 

g 

exchange  between  HNF?  and  a  large  excess  of  D^O  produced  only  a  low  yield  of 

DNF^,  and  the  sample  still  contained  14%  of  HNF?.  Essentially  pure  ONF^  was 

3 

obtained  In  high  yield  by  the  method  used  for  the  preparation  of  HNF^,  but 

substituting  NH^CONH^,  H20  and  «2S04  by  their  deuterated  analogues.  The 

alkali  metal  fluorides  were  dried  by  fusion  In  a  platinum  crucible,  followed  by 

Immediate  transfer  of  the  hot  clinkers  to  the  dry  N?  atmosphere  of  a  glove  box. 

The  RbF  crystal  (Semi -Elements  Inc.)  used  for  the  low-temperature  Infrared  study  of 

the  RbF»HNF2  adduct  was  freshly  cleaved  with  a  razor  blade  In  the  dry  box  and 

mounted  In  a  dry  atmosphere  Into  the  tip  of  the  helium  refrigerator.  Small 

amounts  of  moisture  absorbed  onto  the  surface  of  the  RbF  crystal  were  completely 

removed  by  pumping  on  the  crystal  In  the  Infrared  beam  for  24  hrs  at  10  *  torr. 

13  14 

Literature  methods  were  used  for  the  syntheses  of  F0N02,  TeFjOF,  and 
1 5 

FOClOj.  OFj  (Allied  Chemical)  was  purified  by  fractional  condensation  at 
-210*  prior  to  Its  use.  The  alkali  metal  fluorlde-dlf luoramine  adducts  were 
generally  prepared  by  condensing  an  excess  of  HNF2  onto  the  alkali  metal  fluoride 
at  -142*,  warming  the  mixture  to  -78*  for  several  hours,  and  then  removing  the 
excess  of  HNF.,  In  a  dynamic  vacuum  at  -64®,  -78*  and  -95*  for  CsF*HNF2, 
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RbFaHNFg,  and  KF*HNF2.  respectively.  The  composition  of  the  resulting  adducts 
generally  approached  a  1:1  mole  ratio. 

Infrared  spectra  were  recorded  In  the  range  4000-200  cm-1  on  a  Perkln-Elmer  Model 
283  spectrophotometer.  The  spectra  of  gases  were  obtained  by  using  a  Teflon  cell 
of  S-cm  path  length  equipped  with  AgCI  windows.  The  low-temperature  Infrared 
spectra  were  obtained  at  various  temperatures  with  an  Air  Products  Model  DE  202S 
helium  refrigerator  equipped  with  an  Internal  RbF  and  external  Csl  windows.  The 
Raman  spectra  were  recorded  on  a  Spex  Model  1403  spectrophotometer  using  the 
647.1-nm  exciting  line  of  a  Kr  Ion  laser.  Sealed,  3mm  o.d.,  quartz  tubes  were  used 
as  sample  containers  In  the  transverse-vlewlng-transverse-excltatlon  mode.  For 
neat  HNF^  the  tip  of  the  tube  was  drawn  out  to  a  smaller  diameter  to  minimize  the 
sample  size.  A  previously  described16  device  was  used  for  recording  the 
low-temperature  spectra. 

The  TeF,0F-KF«HMF2  System.  A  passivated  (with  ClFj),  0.5  In.  o.d.  Teflon-FEP 
ampule  equipped  with  a  Teflon-PFA  valve  (Galtek  Corp.)  was  loaded  In  the  drybox 
with  finely  powdered,  dry  KF  (2.0g).  On  the  glass  vacuum  line,  HNF^  (3.2  nmol) 
was  added  to  the  ampule  at  -142*  and  the  mixture  was  kept  at  -78*  for  1  hr.  On  the 
steel-Teflon  vacuum  line,  TeFjOF  (1.57  nmol)  was  added  at  -196*.  The  ampule  was 
slowly  warmed  to  -78*  for  87  hr  by  means  of  a  (^-liquid  slush  bath,  and 
then  to  -64*  for  1  hr.  The  material  volatile  at  -64*  was  fractionated  through  a 
series  of  traps  kept  at  -78*.  -95*.  -126*  and  -196*  and  consisted  of  (1.55 

mmol)  and  traces  of  TeF&,  TeFjOTeFj  and  FNO.  Then  the  ampule  was  allowed  to 
warm  to  25*.  and  the  volatile  material  was  fractionated  through  traps  kept  at  -78*. 
-126*  and  -196*.  It  consisted  of  N2F4  (0.05  nmol),  TeF^OH  (0.35  mmol)  and 
traces  of  TeF^,  HF  and  TeFjOTeFj.  The  vibrational  spectra  of  the  white  solid 
residue  showed  the  presence  of  HF~  and  TeFjO”. 


The  OF,-KF«HNF,  System.  The  KF*HNF2  adduct  was  prepared  as  described  above 
from  KF  (7.3  mmol)  and  HNF^  (4.2  mmol),  and  OF^  (2.95  nmol)  was  added  at 
-196*.  After  slow  warmup  to  -78*  no  noticeable  reaction  had  occurred.  Repeating 
the  reaction  at  -22*  for  1  hr  resulted  In  a  73%  consumption  of  the  0F2  and  the 
formation  of  N^F^  (1.0  nmol)  as  the  main  product. 

The  F0C103-KF*HNF:  System.  A  mixture  of  FOClOj  (5.65  mmol)  and  KF*HNF2  (KF 
69  nmol,  HNF2  7.44  mmol),  when  warmed  slowly  from  -196*  to  -78°,  resulted  in  an 
explosion. 

The  F0W0:-KF«HNF:  System.  A  mixture  of  F0N02  (0.92  mmol)  and  KF»HNF2  (KF 
172  mmol,  HNF2  1.22  mmol),  when  warmed  slowly  from  -142*  to  -78*  and  then  to  25° 
during  fractionation  of  the  volatile  material,  produced  N2F^  (0.5  mmol)  with 
N02,  FNO..  and  some  02  as  the  major  volatile  by-products. 

Results  and  Discussion 

Vibrational  Spectra  of  01 f luoramlne.  Infrared  spectra  were  recorded  for  gaseous 
HNF2  and  DNF2  and  solid  HNF2>  Raman  spectra  were  measured  for  the  liquid  and 
solid  phases  of  HNF2  and  DNF2.  The  spectra  are  given  In  Figures  1  to  3,  and 
the  observed  frequencies  and  their  assignments  are  summarized  In  Table  1. 

The  Infrared  spectrum  of  gaseous  HNF2  was  In  excellent  agreement  with  previous 

g 

results  by  Llde  and  coworkers  and  requires  no  further  comment.  These  authors 
also  reported  four  fundamental  vibrations  for  gaseous  DNF2  which  were  measured  on 
a  partially  deuterated  sample.  In  our  study  using  a  completely  deuterated  sample. 


a  fifth  fundamental,  v4  (a'),  was  observed  at  498  cm-1.  Furthermore,  we 

prefer  to  assign  the  center  of  the  vj  (a*)  band  to  1028  cm-1  and  not  to  the 

maximum  at  1042  cm-1  which,  we  believe,  represents  the  maximum  of  the  R  branch  of 

«5  (see  trace  A  of  Figure  2).  This  preference  Is  based  on  the  reasonable 

assumption  of  similar  band  contours  for  In  HNF^  and  DNF2>  Similarly,  the 

band  center  of  v3  (a')  of  DNF2  Is  preferably  assigned  to  962  cm  1  Instead  of 

9  -1  -1 

the  previously  proposed  value  of  972  cm  .  The  962  cm  value  Is  also 
supported  by  the  observation  of  the  (v3  +  v6)(a")  combination  band  at  1849 
cm-1  (calcd  for  962  +  888  «  1850  cm"1).  It  Is  also  noteworthy  that  our  revised 
frequency  values  for  DNF2  result  In  a  better  match  with  those  obtained  by  Pulay 
and  co-workers  by  ab  Initio  calculations  from  the  HNF2  values.17 

The  liquid  phase  frequencies  are  almost  Identical  to  the  gas  phase  values  (see  Table 

1)  Indicating  only  weak  association  for  liquid  dlfluoraralne.  The  only  remarkable 

feature  Is  the  splitting  of  the  NH  and  the  ND  stretching  mode,  v^a'),  into  two 

components.  These  splittings  and  their  relative  Raman  intensities  and 

polarization  ratios  are  similar  for  both  HNF2  and  DNF2  and  do  not  permit  their 

attribution  to  combination  bands  In  Fermi  resonance  with  w^.  Similar  splittings 

1 8 

have  been  observed  for  the  symmetric  stretching  modes  of  liquid  NH3  and  ND3 

IQ  19  20 

and  solid  HOF  and  have  been  attributed  to  aggregates.  '  Therefore,  this 

explanation  Is  also  preferred  for  difluoramlne. 

For  solid  difluoramlne  the  previously  reported  Infrared  spectrum  had  been  recorded 
with  only  low  precision  In  the  NaCl  region1®  and  deviates  significantly  from  that 
given  in  Figure  3.  Compared  to  the  liquid  phase  values,  the  NH  stretching  frequency 

of  solid  HNF2  decreased  by  about  40  cm"1  and  the  NH  deformation  frequencies 
Increased  by  about  23  cm"1.  Furthermore,  all  these  modes  are  split  Into  two 


components  each  and  bands  due  to  llbration  and  lattice  modes  appear  below  310 

cm'1.  All  these  features  suggest  an  Increased  degree  of  association.  Since  the 

N-H  modes  are  shifted  and  split  relative  to  the  gas  phase,  and  those  of  the  NF^ 

group  are  not,  the  association  must  Involve  Intermolecular  N-H«*«N  and  not  N-H»*»F 

bridges.  This  surprising  result  Is  discussed  elsewhere  In  more  detail.21  The 

fact  that  In  HNF2  the  nitrogen  Is  a  better  electron  donor  than  fluorine  Is  In 

accord  with  the  previous  report  by  Craig  that  the  weak  HHF^*  BF^  and  HNF^* 

BC13  donor-acceptor  adducts  contain  B-N  and  not  B-F  bridges.10  By  analogy 

21 

with  the  known  structure  of  solid  HF,  a  zig-zag  chain  structure,  such  as 


Is  most  likely  for  (HNF.)  ,  but  without  additional  structural  support  a  more 

‘  n 

detailed  Interpretation  of  the  vibrational  data  appears  unwarranted. 


Vibrational  Spectra  and  Structure  of  the  MF«HNF,  Adducts.  Adducts  of  both  HNF2 
and  DNF2  with  KF,  RbF  and  CsF  were  prepared  as  previously  described. ^  When  an 
excess  of  HNF2  was  used  In  the  syntheses,  followed  by  removal  of  unreacted  HNF2 
at  low  temperature,  the  combining  ratios  approximated  1:1.  Low-temperature  Raman 
spectra  were  measured  for  all  these  adducts  (Figures  4  and  5).  Low-temperature 
Infrared  spectra  were  recorded  only  for  RbF«HNF2  (Figure  3)  due  to  the  limited 
availability  of  the  corresponding  alkali  metal  fluoride  windows  and  the  treacherous 
explosiveness  of  the  CsF*HNF2  adduct  on  warmup  to  ambient  temperature  which  caused 
severe  damage  to  the  cryostats. 
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The  Raman  spectra  of  HF»HNF2  (M-K  and  Rb)  and  MF«DNF2  (M-K,  Rb  and  Cs)  were 
completely  analogous  (see  figure  3  and  Table  II),  suggesting  essentially  Identical 
structures  for  these  adducts.  Compared  to  the  spectra  of  free  HNF2  (see  above), 
the  frequency  of  the  N-H  stretching  mode  has  decreased  by  about  600  cm  1  and 
consists  of  numerous  broad  bands.  The  two  N-H  deformation  frequencies  have 
Increased  by  about  100  cm-1  and  are  also  split,  whereas  the  three  NF2  modes 
exhibit  only  relatively  small  frequency  decreases  with  «asNF2  also  being 
split.  These  observations  are  thoroughly  consistent  with  an  adduct  Involving  a 

S  - 

strong  hydrogen  bridge  between  HNF2  and  the  fluoride  anion  [F»**H-N^F]  , 

similar  to  those  previously  reported  for  CsF^HONO^  and  KF*(CH2COOH)2*. 

The  minor  frequency  decrease  of  the  NF2  vibrations  can  be  explained  by  the 

electron  density  release  from  F  to  HNF-  which  Increases  the  partial  negative 

6-6- 

charges  on  the  two  fluorines  of  the  NF2  group,  causing  an  Increase  of  the  HN-F  bond 
polarity  and  decrease  of  the  N-F  force  constants. 

The  Raman  spectra  of  the  corresponding  DNF2  adducts  are  completely  analogous  and 
show  the  expected  N-H:N-D  frequency  ratio  of  about  1.35  to  1.40.  In  addition  to 
these  major  effects,  all  the  spectra  exhibit  some  more  subtle  features.  For 
example,  the  NF2  modes  show  a  frequency  decrease  of  about  10  cm  1  on  going  from 
KF«HNF2  to  CsF*HNF2.  This  can  be  ascribed  to  the  higher  negative  charge  on  F 
In  CsF,  relative  to  that  In  KF. 

T? 

In  addition  to  the  Internal  modes  of  the  HNF2  subunit  In  the  [F**»H-N,^f] 
anion,  we  would  also  expect  llbratlonal  modes  due  to  the  F*»*H-N  bridge,  i.e.  one 
F*»«H  stretch  and  two  F»**H-N  deformation  modes.  Furthermore,  bands  due  to  the 
interaction  between  the  alkali  metal  cations  and  the  fluoride  anions  should  be 
observable.  All  these  modes  should  occur  at  relatively  low  frequencies  and  Indeed 
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numerous  bands  below  350  cm-1  were  observed.  By  analogy  with  the  N-H  modes,  the 
F*#*H  modes  are  probably  broad  and  of  low  Raman  Intensity  and  therefore  difficult 
to  observe  In  the  Raman  spectra.  In  the  Infrared  spectra  of  RbF»HNF2  (traces  C 
and  D  of  Figure  3)  there  Is  clear  evidence  for  a  strong  absorption  at  about 
330  cm  \  and  this  could  be  one  of  the  F««H  llbratlon  modes.  The  sharper 
features  observed  In  the  240-190  cm  1  region  of  the  Raman  spectra  do  not  exhibit 
the  large  deuterium  Isotopic  shifts  expected  for  the  F»*h-N  bridge  modes  and 
therefore  are  probably  due  to  modes  Involving  mainly  fluoride  ion  motions  In  the 
lattice. 

The  Raman  spectra  of  CsF*HNF2  showed  the  following  Interesting  additional 
features.  Two  different  sets  of  bands  were  observed  which  exhibited  similar 
overall  patterns  but  pronounced  frequency  shifts  from  each  other,  as  shown  by 
traces  A  and  B  of  Figure  5.  The  spectrum  depicted  as  trace  A  Is  very  similar, 
although  not  quite  analogous,  to  those  of  all  the  adducts  given  In  Figure  4.  The 
spectrum  of  trace  B  shows  very  pronounced  frequency  shifts  (decrease  of  vNH  by 
about  300  cm-1.  Increase  of  the  N-H  deformations  by  about  40  cm  1 ,  decrease  of 
the  NF2  modes  by  about  10-30  cm-1,  and  Increase  of  the  llbratlonal  frequencies) 
relative  to  trace  A.  These  shifts  are  best  attributed  to  a  hydrogen  bonded 
[F«»«HNF2]’adduct  which  Is  very  similar  to  that  discussed  above  for  the  other 
adducts,  but  contains  a  significantly  stronger  hydrogen  bridge.  No  evidence  was 
observed  for  the  existence  of  adducts  showing  frequencies  intermediate  between 
those  of  traces  A  and  B,  thus  suggesting  the  presence  of  two  distinct  structures 
and  not  a  progressive  variation  of  the  hydrogen  bond  strength. 
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In  the  case  of  HF  addition  to  the  fluoride  anion,  each  free  valence  electron  pair 

of  the  fluoride  can  form  a  hydrogen  bridge,  resulting  In  the  [ F(* • HF )  ]- 

25—28 

polyanions  where  n  can  range  from  1  to  4.  The  Interpretation  of  the 

second,  more  strongly  hydrogen  bridged  F«»»HNF2  type  adduct  in  terms  of  an 
analogous  [F(* ••HNF^)^]-  anion  can  be  ruled  out  because  the  observed 
frequency  changes  (decrease  of  the  N-H  and  NF^  stretching  modes)  are  opposite  to 
those  predicted  for  these  polyanions. 

Further  evidence  for  the  existence  of  a  second,  distinct,  more  strongly  hydrogen 
bonded  adduct  was  obtained  from  the  low-temperature  Infrared  spectra  of  RbF»HNF2 
(see  below).  This  demonstrates  that  the  occurrence  of  a  second,  more  strongly 
bridged  HNF2  adduct  Is  not  limited  to  CsF,  but  also  occurs  for  RbF. 

For  the  low-temperature  Infrared  spectra  of  RbF*HNF2>  dlfluoramlne  was  condensed 
at  -220“C  onto  an  RbF  single  crystal  window.  After  recording  the  spectrum  of  the 
solid  HNF2  deposit  (Figure  3,  trace  B),  the  temperature  of  the  RbF  window  was 
warmed  briefly  to  — 1 1 0*C  In  a  static  vacuum.  Volatile  material  was  pumped  off 
quickly  at  — 1 1 0°C ,  and  the  window  was  cooled  back  again  to  -220*C.  The  infrared 
spectrum  of  the  resulting  product  (Figure  3,  trace  C)  showed  the  absence  of  any 
unreacted  HNF2  and  corresponded  well  to  the  low-temperature  Raman  spectra  of  the 
MF*HNF2  adducts  shown  In  Figure  4.  When  the  temperature  of  the  infrared  sample 
was  briefly  cycled  through  -105°C  and  cooled  down  again  to  -220#C,  additional  bands 
were  observed  which  are  marked  in  trace  0  of  Figure  3  by  a  dagger.  The  frequencies 
of  these  bands  are  almost  Identical  to  the  major  Raman  bands  of  the  more  strongly 
hydrogen  bonded  modification  of  the  CsF»HNF2  adduct  shown  in  trace  B  of  figure  5 
and  were  assigned  accordingly  (see  Table  II).  Cycling  of  the  RbF»HNF2  sample 
from  -220#C  through  ambient  temperature  In  a  dynamic  vacuum  resulted  in  the 
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disappearance  of  the  bands  attributed  to  these  RbF*HNF2  adducts. 

Comparison  of  the  results  from  this  work  with  those  from  a  previous  low- temperature 
Infrared  study6  show  only  fair  to  poor  agreement.  This  disagreement  can  be 
attributed  to  the  poor  quality  of  the  previously  reported  data  which  Is  no  surprise 
in  view  of  the  great  experimental  difficulties  encountered.  Although  the  exlstenc 
of  two  different  types  of  compounds,  one  a  hydrogen  bonded  MF*»«HNF2  and  the 
other  an  MNF^'HF  adduct,  had  been  postulated,  this  conclusion  was  based  more  on 
the  then  known  reaction  chemistry  of  the  adducts  than  on  the  spectroscopic  data. 

The  MNF2»HF  structure  had  been  proposed  to  account  for  the  fact  that  only  CsF* 

HNF2  exhibited  a  propensity  to  explode  on  warming  toward  room  temperature.  The 
present  study  demonstrates  that  the  KF*HNF2,  RbF*HNF2  and  CsF*HNF2  adducts 
exhibit  the  same  structural  features  Involving  a  strong  hydrogen  bridge  between  the 
HNF2  and  the  fluoride  anion  of  the  alkali  metal  fluoride,  and  that  the  existence 
of  a  second,  distinct  modification  which  differs  from  the  first  one  only  In  the 
strength  of  Its  hydrogen  bridge  Is  not  unique  for  CsF.  Although  this  second 
modification  appears  to  form  more  readily  with  CsF,  It  was  also  observed  for  RbF 
and  therefore  might  not  necessarily  be  the  main  reason  for  the  explosive  nature  of 
CsF'HNFj.  Other  factors,  such  as  the  higher  affinity  of  CsF  for  HF,  might  be 
significant  contributors.  No  evidence  was  obtained  in  this  study  for  the  presence 
of  a  distinct  NF2  anion  which  should  exhibit  vibrational  spectra  very 
different  from  those  observed. 

Reaction  Chemistry  of  HF*HNF2  Adducts.  Since  MF*HNF2  adducts  are  known  to 
react  with  perf luoroalkyl  hypof luorltes  according  to 


the  analogous  reactions  were  studied  for  several  hypofluorltes  for  which  the 


corresponding  -ONF^  derivatives  are  still  unknown.  The  hypofluorltes  studied 
included  TeF^OF,  FOCIO^  and  FONOj.  In  the  case  of  TeF^OF  the  observed  reaction 
products  are  best  explained  by  the  oxidation  of  HNF^  by  TeF^OF, 

TeFgOF  +  2KF»HNF2  — m.  TeF40  ♦  2KF  +  2HF  ♦  N2F4 

followed  by  the  competing  reactions 

TeF40  +  HF - fc-TeF50H 

TeF40  +  KF  - -  KTeF50 

HF  +  KF  - KHF2 

The  reaction  of  0F2  with  KF« HNF2  required  a  considerably  higher  temperature 
and  even  at  -22°C  was  still  incomplete  after  one  hour.  Again  the  main  reaction 
was  the  oxidation  of  HNF2  to  N^. 

20F2  +  4KF«HNF2 - »“2N2F4  +  4KHF2  ♦  02 

In  the  case  of  FOCIO^  and  KF»HNF2,  the  mixture  exploded  when  wanned  from  -196° 
toward  -78®C.  For  F0N02,  the  reaction  could  be  sufficiently  controlled,  but 
again  N2F4  was  formed  in  almost  quantitative  yield  with  N02,  02  and  FN02  as  the 
major  by-products.  It  thus  appears  that  with  hypof luorites  which  are  powerful 
oxidizers,  fluorination  of  HNF2  to  N2F4  and  HF  is  favored  over  X0NF2  formation. 
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Raman  spectra  of  liquid  and  solid  HNF^. 

Vibrational  spectra  of  DNF^:  trace  A,  infrared  spectrum  of  the  gas 
at  270  torr  in  a  5  cm  path  length  cell;  traces  B  and  C,  Raman  spectra 
of  liquid  and  solid  DNF^.  respectively. 

Infrared  spectra  of  solid  HNF^  and  of  the  RbF»HNF2  adduct  at  -220°C: 
trace  A,  background  of  the  RbFaHNF^  window;  trace  B,  solid  HNF^; 
trace  C,  RbF*HNF2  adduct  generated  by  cycling  the  deposit  of  trace 

B  through  -110°C;  the  bands  marked  by  an  asterisk  are  due  to  cell 

background;  trace  D,  spectrum  produced  by  cycling  deposit  of  trace 

C  through  -105°C;  the  new  set  of  bands  marked  by  a  dagger  are 

ascribed  to  the  second,  more  strongly  hydrogen  bridged  species; 
trace  E,  cell  background  after  cycling  through  25*C  with  pumping. 
Raman  spectra  of  KF«HNF2  (traces  A,  A'),  KF*DNF2  (trace  B), 

RbF*HNF2  (traces  C  and  C'),  RbF*DNF2  (trace  D),  and  CsF»DNF2 
(traces  E  and  E'),  all  recorded  at  -140°C.  The  traces  A',  C'  and  E' 
were  recorded  at  a  higher  sensitivity  setting. 

Raman  spectra  of  the  two  modifications  of  CsF*HNF2  at  -140°C. 

Traces  A  and  A'  show  the  spectrum  of  the  more  weakly  hydrogen  bridged 
adduct  at  two  different  sensitivity  levels,  respectively,  and  traces 
B  and  B*  those  of  the  stronger  hydrogen  bridged  adduct. 
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(c)  Estimated  value  from  ref.  9;  not  observed  tn  this  study  because  of  its  low  intensity. 
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(c)  For  the  MF*0NF-  adducts,  assignments  Involving  the  h-0  group  have  been  listed  In  the  N-H  rows. 
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ABSTRACT 


The  reactions  of  an  excess  of  BrF^  with  the  alkali  metal  nitrates 
NaN03,  KNO^ ,  RbNO^  and  CsNO^  provide  new,  simple,  high  yield 
syntheses  of  the  corresponding  BrF^O-  salts  and  FN02 .  The  NaBrF^O 
and  RbBrF40  salts  have  been  prepared  for  the  first  time  and  were 
characterized  by  vibrational  spectroscopy,  DSC  and  their  x-ray 
powder  diffraction  patterns.  The  reaction  of  LiNO^  with  an 
excess  of  BrF,.  does  not  result  in  the  formation  of  a  stable 
LiBrF^O  salt  but  produces  free  BrF^O  in  high  yield.  This 
provides  a  simple,  one  step  synthesis  of  BrF^O  from  commercially 
available  starting  materials. 

INTRODUCTION 


The  existence  of  KBrF.O  was  discovered  in  1976  both  by  Bougon  and 
1  4  2 

coworkers  and  by  Gillespie  and  Spekkens.  It  was  prepared  either 

by  the  reaction1  of  KBrO,  with  a  large  excess  of  BrF,  at  80°C  in 

j  2  5 

the  presence  of  F_  or  by  the  reaction  of  KBrF,  with  KBrO-  in 

z  b  J 

CH-CN  solution.  Both  methods  have  drawbacks.  Although  Bougon' s 

J  1 

method  can  yield  a  pure  product,  the  course  of  the  reaction  is 

difficult  to  control  and  frequently  KBrF.  is  obtained  as  the  only 

3  2  4 

product.  Gillespie's  method  produces  a  mixture  of  KBrF202  and 

KBrF^O  which  must  be  separated  by  numerous  extractions  with  CH^CN. 


An  improved  synthesis  of  BrF.O  salts  was  reported  by  Christe 
3  4 

and  coworkers  who  reacted  BrO.  salts  with  BrF_  and  F- .  In 

4  5  2 

addition  to  KBrF^O,  the  latter  authors  also  prepared  and 
characterized  CsBrF.O.  Although  this  method  results  in  a 

4  3 

pure  product  in  essentially  quantitative  yield,  the  required 

-  4 

BrO.  starting  materials  are  difficult  to  prepare.  Except 

4  +  _5 

for  NF4  BrF40  no  other  BrF40  salts  have  been  reported. 

Three  methods  have  previously  been  reported  for  the  synthesis 

of  BrF..O.  Bougon  and  Bui  Huy6  reacted  KBrF.O  with  O^AsF,  in 
J  4  2.  D 

BrF,.  solution. 

KBrF40  +  02AsF6 - s—KAsFg  +  BrF^O  +  02  +  ^  (1) 

2 

Gillespie  and  Spekkens  dissolved  KBrF40  in  anhydrous  HF, 


KBrF40  +  HF  jg-sar  -■  KHF2  +  BrF30  (2) 

and  extracted  the  formed  BrF.O  with  BrF.  at  low  temperature. 

7  J  3 

Adelhelm  and  Jacob  obtained  BrF^O,  together  with  FBr02 ,  by 
treatment  of  a  mixture  of  BrF.OPtF,,  and  BrO-.PtF,  with  FNO-, . 


BrF2OPtF6  +  FN02 — 

— — N°2PtF6 

+  BrF30 

(3) 

Br02PtF6  +  FN02 - 

— -N°2PtF6 

+  FBr02 

(4  ) 

All  three  methods  are  elaborate  and  involve  several  steps  and 
exotic  starting  materials.  The  development  of  a  new,  simple, 
one-step  synthesis  of  BrF^O  from  commercially  available 
starting  materials  was  therefore  highly  desirable. 
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EXPERI MENTAL 

Materials .  Commercial  LiNO^  (J.  T.  Baker,  99.7%),  NaNO^ 

(J.  T.  Baker,  99.5%),  KN03  ( J .  T.  Baker,  99.1%),  and  RbNO^ 

(K  &  K  Labs,  Inc.,  99.9%)  were  dried  in  a  vacuum  oven  at  120°C 
for  one  day  prior  to  their  use.  The  CsNO^  was  prepared  from 
Cs^CO^  and  HNO^  and  dried  in  the  same  manner.  The  BrF^  (Matheson) 
was  treated  with  35  atm  of  at  100  "C  for  24  hr  and  then  purified 
by  fractional  condensation  through  traps  kept  at  -64  and  -95°, 
with  the  material  retained  at  -95“  being  used.  BrF^  and  BrF^O 
are  powerful  oxidizers  and  contact  with  organic  materials  or 
moisture  must  be  avoided. 

Apparatus .  Volatile  materials  used  in  this  work  were  handled  in 

a  well-passivated  (with  BrF,.  until  it  was  recovered  as  a  white 

j  8 

solid  at  -196°)  stainless  steel  Teflon  FEP  vacuum  line.  Non¬ 
volatile  materials  were  handled  in  the  dry  nitrogen  atmosphere 
of  a  glovebox. 

Infrared  spectra  were  recorded  in  the  range  4000-200  cm  1  on  a 
Perkin-Elmer  Model  283  spectrophotometer.  Spectra  of  solids 
were  obtained  by  using  dry  powders  pressed  between  AgCl  or  AgBr 
windows  in  an  Econo  press  (Barnes  Engineering  Co.).  Spectra  of 
gases  were  obtained  by  using  a  Teflon  cell  of  5-cm  path  length 
equipped  with  AgCl  windows .  Raman  spectra  were  recorded  on 
either  a  Cary  Model  83  or  a  Spex  Model  1403  spectrophotometer 
using  the  488-nm  exciting  line  of  an  Ar  ion  laser  or  the  647.1-nm 
exciting  line  of  a  Kr  ion  laser,  respectively.  Sealed  glass  tubes 
were  used  as  sample  containers  in  the  transverse-viewing-transverse- 
excitation  mode.  X-ray  diffraction  patterns  of  the  powdered 
samples  in  sealed  0.5-mm  quartz  capillaries  were  obtained  by 
using  a  General  Electric  Model  XRD-6  diffractometer,  Ni-filtered 
Cu  Ka  radiation,  and  a  114 . 6-mm-diameter  Phillips  camera.  DSC 
measurements  were  carried  out  with  a  Perkin-Elmer  Model  DSC-1B 
using  crimp  sealed  aluminum  pans  and  a  heating  rate  of  10“ /min. 


T-3 


Preparation  of  M~t~BrF40~  (M=Cs,  Rb,  K,  Na).  Inside  the  dry  box, 
a  weighed  amount  (typically  about  3  mmol)  of  MF  was  loaded  into 
a  prepassivated  reactor  (either  a  30  mL  stainless  steel  cylinder 
or  a  0.75"  o.d.  Teflon-FEP  ampule)  which  was  closed  by  a  valve. 

The  reactor  was  connected  to  the  vacuum  line  and  a  fivefold 
excess  of  BrF^  was  added  at  -196*.  The  reactor  was  warmed  to  a 
given  temperature  for  a  specified  period  of  time  with  occasional 
agitation,  followed  by  fractional  condensation  of  the  volatile 
products  through  a  series  of  two  U-traps  kept  at  -142“  (BrF,.) 
and  -196°  ( FN02 ) .  The  material  balances  were  determined  from 
the  weight  gain  of  the  solid  residue  in  the  reactor  and  the 
amounts  of  volatiles  collected  in  the  cold  traps.  All  materials 
were  identified  by  vibrational  spectroscopy.  The  reaction 
conditions  and  product  yields  for  the  various  BrF^O-  salts  are 
summarized  in  Table  I. 

Preparation  of  BrFjO.  Inside  the  dry  box,  LiNO^  (2.12  mmol)  was 
loaded  into  a  passivated  30  mL  stainless  steel  cylinder.  On  the 
vacuum  line,  BrFg  (31.93  mmol)  was  added  at  -196*,  and  the  cylinder 
was  stored  at  O*  for  20  days  with  occasional  agitation.  The 
cylinder  was  reconnected  to  the  vacuum  line,  cooled  to  -196*  and 
did  not  contain  any  material  volatile  at  this  temperature.  While 
allowing  the  cylinder  to  slowly  warm  toward  ambient  temperature, 
the  volatile  material  was  separated  in  a  dynamic  vacuum  by 
fractional  condensation  through  a  series  of  traps  kept  at  -64, 

-142  and  -196*.  The  -64“  trap  contained  BrF^O  (2.01  mmol,  95% 
yield  based  on  LiN03 ) ,  the  -142*  trap  collected  the  excess  of 
BrF5  and  a  small  amount  of  BrF^O,  and  the  -196“  trap  retained 
the  FN02  (2.05  mmol,  97%  yield  based  on  LiNO^ ) .  The  white,  solid 
residue  (about  0.06g,  weight  calcd  for  2.12  mmol  of  LiF  =  0.055g) 
was  identified  by  its  x-ray  powder  pattern  as  LiF.  Its  powder 
pattern  and  vibrational  spectra  did  not  exhibit  any  lines 
attributable  to  either  LiNO,  or  a  BrF.O  salt.  When  the  duration 
of  this  reaction  was  shortened  to  4  hr,  the  conversion  of  LiNO^ 
and  the  concomitant  yield  of  BrF^O  decreased  to  70%. 
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RESULTS  AND  DISCUSSION 


Syntheses  of  BrF^O  Salts  and  BrF.^0.  The  reaction  of  an  excess 
of  BrF5  with  the  alkali  metal  nitrates  CsNO^,  RbNO^ ,  KN03 ,  or 
NaN03  proceeds  in  high  yield  according  to  (5). 

MN03  +  BrF5  - *►  MBrF40  +  FN02  (5) 

The  reactivity  of  MN03  decreases  from  Cs  to  Na.  Thus,  the 
reaction  of  CsN03  is  complete  within  one  hour  at  -31*  (see 
Table  I,  run  1).  For  KNO,,  a  31%  conversion  to  KBrF.O  was 
obtained  under  the  same  conditions  (run  5),  but  thereafter 
the  reaction  progressed  only  very  slowly.  Because  tripling  the 
amount  of  BrF,.  did  not  significantly  increase  tne  conversion  of 
KN03  (run  6),  and  since  the  solubility  of  KBrF^O  in  BrF,.  is 
quite  low,  coating  of  the  solid  KNC>3  phase  by  product  was 
suspected  as  the  principal  cause  for  the  observed  fall-off  in 
the  reaction  rates.  This  suspicion  was  confirmed.  Fine 
grinding  of  the  product,  followed  by  a  second  treatment  with 
BrF5,  almost  doubled  the  yield  of  KBrF^O  (run  5).  Complete 
conversion  of  KN03  to  KBrF^O  was  achieved  at  ambient  temperature 
by  ballmilling  the  reagents  during  the  reaction  (run  8).  Alter¬ 
natively,  complete  conversion  of  KN03  to  KBrF40  could  be  achieved 
by  heating  to  100*C  (run  10).  Run  11  shows  that  these  reactions 
do  not  require  a  fivefold  excess  of  BrF^,  but  also  go  to  completion 
with  lower  BrF,.  to  metal  nitrate  ratios. 

The  reactions  of  NaN03  with  BrF,.  differed  somewhat  from  those  of 
CsNC>3,  RbNC>3  and  KN03  which  produced  exclusively  the  corresponding 
BrF^O  salts.  At  a  reaction  temperature  of  0*,  some  free  BrF30 
was  always  isolated  in  addition  to  NaBr F^O  (run  13).  When  the 
reaction  temperature  was  increased  to  25°,  the  solid  products 
contained  significant  amounts  of  BrF4”  and  Br02F2~  salts  (run  14). 
The  formation  of  BrF4  and  BrC>2F2  at  25*  is  not  surprising. 


BrF^O  is  known  '  '  to  decompose  above  0*  to  BrF^  +  C>2 ,  and 
reaction  of  BrF^O  with  a  second  mole  of  NaNO^  can  generate 
Br02F.  Both,  BrF3  and  Br02F,  can  then  react  with  NaF  to  give 
the  corresponding  anions,  as  shown  in  equations  (6)  to  (10). 

NaN03  +  BrF5 - «•»  NaF  +  BrF30  +  FNC>2  (6) 

NaN03  +  BrF30 - NaF  +  Br02F  +  FN02  (7) 

NaF  +  Br02F - NaBrC>2F2  (8) 

2BrF30 - 2BrF3  +  0^  (9) 

NaF  +  BrF3 - ►  NaBrF^  (10) 

A  rationale  for  the  formation  of  free  BrF-jO  in  the  NaN03~BrF5 
system  will  be  given  below. 

The  isolation  of  some  free  BrF30  from  the  NaN03~BrF5  reaction 
suggested  the  possibility  of  preparing  BrF30  in  a  simple,  one 
step  synthesis  from  a  metal  nitrate  whose  metal  fluoride  does 
not  form  a  stable  BrF40  salt  at  0*  or  below.  This  concept  was 
verified  for  LiN03-  When  LiN03  is  reacted  with  an  excess  of 
BrF^  at  O* ,  BrF30  is  formed  in  essentially  quantitative  yield 
according  to  (11). 

LiN03  +  BrF5 - ►  LiF  +  BrF30  +  FNC>2  (11) 

Ballmilling  of  the  solid  reagents  during  the  reaction,  as  in 
run  8,  might  also  be  advantageous  for  this  system  if  shorter 
reaction  times  are  desired. 

When  BrF5  was  reacted  for  1  hr  at  either  -31  or  25*C  with  an 
excess  of  CsNO-j,  a  quantitative  conversion  of  BrF^  to  CsBrF40 
and  FN02  was  observed.  The  solid  product  consisted  exclusively 
of  CsBrF40  and  unreacted  CsN03«  With  an  excess  of  LiN03#  however, 
the  course  of  the  reaction  was  very  different  and  will  be  reported 
in  a  separate  paper. 

The  above  described  syntheses  of  MBrF40  and  BrF30  offer  numerous 
advantages  over  the  previously  used  methods.  Among  these  are: 

(i)  the  starting  materials,  BrF_  and  MN07,  are  commercially 
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available  and  relatively  inexpensive;  (ii)  the  yields  are 
essentially  quantitative;  ( iii )  the  reactions  can  be  carried 
out  at  convenient  temperatures  and  at  autogenous  pressures;  and 
(iv)  these  syntheses  are  one  step  reactions  requiring  only  simple 
equipment.  In  addition  to  being  useful  methods  for  the  preparation 
of  MBrF^O  and  BrF^O,  these  reactions  also  can  be  used  as  a  convenient 
new  laboratory  method  for  the  preparation  of  FNC>2  under  mild 
conditions.  The  yields  of  FN02  are  quantitative,  and  product 
separation  is  very  easy.  The  FN02  is  much  more  volatile  than 
the  other  products  and  can  readily  be  isolated  in  high  purity 
by  either  fractional  condensation  or  removal  in  vacuo  at  low 
temperature  ( BrF^  stops  at  -95",  whereas  FNC>2  still  passes 
through  a  -142*  trap  but  stops  at  -196°). 

Some  interesting  questions  concerning  the  mechanism  of  the  MNO^- 
BrF,.  reactions  are  raised  by  the  following  facts.  For  the 
NaNO^-BrF,.  system  at  0°  some  BrF^O  was  obtained  as  a  by-product 
besides  NaBrF^O,  and  at  25°  the  formed  BrF^O  underwent  either 
fast  decomposition  to  BrF^  +  02  or  further  reaction  with  NaNO^ 
to  Br02F,  followed  by  complexing  with  NaF  to  form  the  corresponding 
sodium  salts.  In  marked  contrast  to  these  observations,  the 
heavier  alkali  metal  salts  (K,  Rb  and  Cs )  form,  even  at  reaction 
temperatures  as  high  as  100 8 ,  the  corresponding  MBrF^O  salts  in 
quantitative  yield.  As  shown  below,  NaBrF^O  is  stable  up  to 
about  160°.  Therefore  the  free  BrF^O  could  not  have  formed  by 
decomposition  of  NaBrF^O,  but  must  have  been  generated  from  a 
less  stable  intermediate  which  is  capable  of  generating  either 

BrF.jO  +  MF  +  FN0o  or  MBrF.O  +  FNO-. 

3  2  4  2 

A  logical  candidate  for  this  intermediate  is  the  [NO^-BrF^] 

polyanion.  BrF^  is  well  known  to  exhibit  some  Lewis  acidity 

and  forms,  for  example  with  F  ,  an  octahedral  BrF,  anion  in 

o 

which  the  free  valence  electron  pair  on  bromine  occupies  a 
sterically  inactive  s  orbital. ^  Therefore,  the  formation  of 


an  analogous  [NO^'BrFg]  anion  is  quite  plausible.  Decomposition 
of  the  resulting  M^NO^  'BrF^  ]  “  salt  could  involve  either  FN02 
elimination  from  the  anion  resulting  in  the  direct  formation  of 
M+BrF40  (12),  or  F~  abstraction  from  the  [NO^BrFg]-  anion  by 
M+  followed  by  FN02  elimination  from  an  unstable  BrF40N02  molecule 
thus  producing  free  BrF^O  (13).  Whether  (10)  or  (13)  dominates 
should  depend  on  the  F-  ion  affinity  of  M+  and  the  thermal  stability 
of  M+[N02*BrFj]  .  Sodium  is  expected  to  form  the  least  stable 
M+[NO.j*BrF5  ]  ”  salt  and  therefore  should  be  most  prone  to  decompo¬ 
sition  to  MF  and  BrF40N02.  Based  on  these  arguments,  the  following 
mechanism  is  proposed  to  explain  the  observed  reaction  chemistry. 


For  M  *  Na,  dissociation  of  the  intermediate  M+[N03‘BrF5]-  salt 

to  MF  and  BrF.ONO-  would  be  faster  than  intramolecular  FN0o 
4  2  2 

elimination,  while  the  reverse  could  be  said  for  M  =  Cs,  Rb, 
or  K. 

Attempts  were  unsuccessful  to  isolate  the  proposed  [NO^’BrF^]- 
intermediate  anion  by  condensation  of  BrF^  onto  an  excess  of 
CsNO^  at  -196*,  brief  warming  of  the  mixture  to  the  mp  of  BrF^ 
(-60.5*),  and  recooling  it  to  -196*.  Low-temperature  Raman 
spectra  of  the  resulting  product  showed  only  CsBrF40,  FN02  and 
unreacted  BrFc . 

D 


Properties  of  the  MBrF.,0  Salts.  The  only  previously  known  BrF„0 

1  2  4  T~  5  4 

salts  were  KBrF^O  '  ,  CsBrF^O  and  NF^BrF^O.  It  was  therefore 

of  interest  to  characterize  the  two  new  salts,  NaBrF^O  and  RbBrF40. 

All  these  alkali  metal  BrF40  salts  are  white,  stable  crystallinic 

solids.  Based  on  DSC  data,  the  onset  of  thermal  decomposition 

occurs  at  the  following  temperatures:  NaBrF40,  161*;  KBrF40, 

221* ;  RbBrF^O,  226*;  CsBrF40,  189*.  The  x-ray  powder  diffraction 

patterns  were  also  recorded  for  these  salts.  It  was  found  that 

RbBrF40  is  isotypic  with  KBrF40  and  its  diffraction  pattern  (see 

Table  II)  was  indexed  for  a  tetragonal  cell  by  analogy  to  that 

previously  published  for  KBrF40.^  Many  of  the  lines  in  the  powder 

patterns  of  CsBrF40  and  NaBrF40  (see  Table  III)  can  be  indexed 

for  similar  tetragonal  cells,  however,  the  correspondence  is  not  as 

good  and  in  view  of  the  large  unit  cells  involved,  our  confidence 

in  such  an  indexing  is  low. 

The  vibrational  spectra  of  BrF  o"  salts  are  interesting.  For 
1  3  * 

KBrF40  and  CsBrF40  numerous  splittings  of  degenerate  modes  into 

their  components  were  observed  which  made  assignments3  difficult. 

The  vibrational  spectra  of  RbBrF40  (see  Figure  1)  are  similar  to 

those  of  CsBrF40  and  also  exhibit  these  pronounced  splittings. 

However,  the  spectra  of  NaBrF40  (see  Figure  2)  are  much  simpler 

and  therefore  can  be  used  to  examine  the  correctness  of  the  previous 

assignments.3  As  can  be  seen  from  Table  IV,  the  Raman  spectrum 

of  NaBrF40  allows  unambiguous  assignments  for  v^,  v2,  v3 ,  v4 ,  v& 

and  'Ug.  The  extra  Raman  bands  in  the  spectra  of  KBrF^1,  CsBrF403 

and  RbBrF40  are  due  to  splittings  of  the  degenerate  E  modes  into 

their  components,  accompanied  by  significant  gains  in  intensity, 

and  have  previously  been  assigned3  correctly.  The  minor  frequency 

differences  between  RbBrF.O  and  NaBrF.O  are  normal  for  salts  with 

4  4 

different  cations  and  are  as  expected,  i.e.  strongest  interaction 
of  the  anion  with  the  smallest  cation. 
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Figure  1.  Vibrational  spectra  of  solid  RbBrF^O:  trace  A, 
infrared  spectrum  of  a  sample  in  an  AgCl  disk;  trace  B, 
Raman  spectrum. 

Figure  2.  Vibrational  spectra  of  solid  NaBrF40:  trace  A, 
infrared  spectrum  of  a  sample  in  an  AgBr  disk;  trace  B, 
Raman  spectrum. 
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Table  I.  Reaction  Conditions  and  Yields  for  the  Syntheses 

of  MBrF^O  Salts 


M 

Run  No 

React  temp 

React  Time 

Mole  Ratio 

Conversion  of 

CC) 

(hr) 

BrF5;MN03 

MNO,  to  MBrF.O 
3  (%)  4 

Cs 

la 

-31 

1 

4.9 

99.8 

Rb 

2a 

-31 

1 

5.0 

73.2 

3b 

25 

1 

5.1 

98.7 

4b 

25 

96 

5.1 

99.5 

K 

5a 

-31 

1 

5.0 

34.3 

4 

37.1 

5 

63. 3C 

6a 

-31 

1 

15.1 

33.5 

7a 

25 

1 

5.2 

37.5 

4 

55.6 

5 

68. 8C 

6 

77. 7d 

8b 

25 

20 

15.2 

99.7® 

9b 

70 

4 

15.1 

72.1 

iob 

100 

20 

15.1 

99.9 

llb 

100 

88 

2.9 

99.9 

Na 

12a 

-31 

1 

5.0 

0 

13b 

0 

624 

15.1 

72f 

14a 

25 

67 

5.0 

53g 

(a) 

reactor 

;  0.75"  o.d. 

Teflon  FEP 

ampule;  (b)  reactor:  30  ml 

stainless  steel  cylinder;  (c)  sample  was  reground  after  4  hr 
reaction  time;  (d)  sample  was  reground  after  5  hr  reaction  time; 

(e)  reactants  were  subjected  to  ballmilling  during  reaction;  (f) 
volatile  products  contained  14%  free  BrF^O  and  solid  residue  showed 
the  presence  of  a  trace  of  NaBrC>2F2;  (g)  volatile  products  contained 
BrF3<>  and  BrF3  and  solid  residue  Br02F2-and  BrF4  as  by-products. 
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Table  II.  X-Ray  Powder  Data  for  RbBrF^O 


Intens 


h  k  1 


absd, A 

d  ,  .  A 

eled. 

7.22 

7.214 

5.34 

5.336 

4.61 

4.602 

4.38 

4.385 

3.95 

3.964 

3.954 

3.61 

3.607 

3.45 

3.454 

3.276 

3.283 

3.124 

3.125 

3.130 

2.914 

2.918 

2.860 

2.860 

2.650 

2.647 

2.583 

2.582 

2.427 

2.428 

2.351 

2.350 

2.346 

2.285 

2.281 

2.287 

2.236 

2.231 

2.099 

2.099 

2.050 

2.049 

1.984 

1.982 

1.934 

1.931 

1.836 

1.837 

1.835 

1.804 

1.804 

m 

2 

0 

0 

m 

2 

0 

2 

w 

3 

0 

1 

w 

3 

1 

1 

vs  ) 

0 

0 

4 

( 

3 

1 

2 

s 

4 

0 

0 

w 

3 

1 

3 

w 

4 

0 

2 

vs  ) 

3 

3 

2 

1 

2 

2 

4 

ms 

4 

1 

3 

ms 

3 

3 

3 

vw 

3 

0 

5 

vw 

3 

3 

4 

w 

4 

4 

2 

m  ] 

(  4 

1 

5 

1 

(  2 

2 

6 

s 

1  6 

2 

0 

t  3 

1 

6 

s 

5 

4 

1 

ms 

5 

3 

4 

ms 

3 

0 

7 

rnw 

7 

2 

0 

m 

5 

1 

6 

ms 

j5 

4 

5 

6 

5 

1 

m 

V 

8 

0 

0 

a) 


Cu  Ka  radiation  and  Ni  filter;  tetragonal;  a 
c  «  15.86A,  Z  -  32,  V 


3302 A" 


14 . 4  3  A, 
d  (calcd)  =  4.14  gem 
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Table  III.  X-Ray  Powder  Data  for  NaBrF^O  and  CsBrF^O* 


NaBrF40 


CsBrF .0 
4 


1  .  .  A 

obsd. 

Intens 

dobsd, A 

Intel 

5.43 

s 

4.02 

s 

5.02 

vs 

3.70 

m 

4.40 

m 

3.206 

s 

4.01 

vs 

2.976 

m 

3.84 

vw 

2.516 

w 

3.69 

s 

2.427 

mw 

3.46 

vs 

2.330 

vs 

3.312 

s 

2.174 

w 

2.919 

vs 

2.102 

mw 

2.661 

vw 

2.004 

w 

2.489 

w 

1.981 

mw 

2.390 

w 

2.302 

m 

2.255 

m 

2.189 

m 

2.036 

s 

1.986 

m 

1.945 

m 

1.868 

mw 

1.829 

m 

1.797 

ms 

1.717 

ms 

Cu  Ka  radiation  and  Ni  filter 
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FREQUENCY,  CM"1 
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APPENDIX  U 


Contribution  from  Rocketdyne,  A  Division  of  Rockwell 
International,  Canoga  Park,  California  91303 


Dinitrogen  Pentoxide.  New  Synthesis  and  Laser  Raman  Spectrum 


William  W.  Wilson  and  Karl  O.  Christe 


Dinitrogen  pentoxide,  the  anhydride  of  nitric  acid,  was  first 

prepared  in  1849  from  the  reaction  of  Cl,’ with  dry  AgNO,  at 
1  £3 

60  *C.  Subsequent  methods  involve  either  the  dehydration  of 

2-7 

concentrated  nitric  acid  by  phosphorous  pentoxide  or  the 

8  9 

oxidation  of  N_0.  with  ozone.  '  Since  N.,0,.  is  unstable  at 
2  4  2  5 

ambient  temperature  and  decomposes  to  N204  and  C>2,  the  above 
methods  require  the  use  of  an  efficient  ozone  generator  to 
suppress  the  formation  of  N204 .  Dinitrogen  pentoxide  is  also 
formed  when  a  mixture  of  oxygen  and  nitrogen  is  passed  through 
an  electric  arc  at  high  voltages10  and  in  the  reactions  of  POC1.J 
or  N02C1  with  AgNO-j.1,11 

The  gas  phase  structure  of  N205  has  been  established  by  electron 

diffraction  and  consists  of  two  -N02  groups  joined  by  an  oxygen 

atom.  The  N-O-N  bond  angle  is  111.8*  and  the  -N02  groups  undergo 

large  amplitude  torsional  motions  about  a  point  of  minimum  energy 

12 

corresponding  to  C2  symmetry.  In  the  solid  phase,  N20,_  has  the 

ionic  structure  N07+N0,  ,  which  was  supported  by  vibrational 
13-15  *  J 

spectroscopy  and  was  subsequently  confirmed  by  an  x-ray 

diffraction  study.16  The  latter  indicated  linear  symmetric 
+  • 

NC>2  cations  with  an  N-0  bond  length  of  1. 154  +  0. 01A. 

In  a  recent  study1^  we  have  shown  that  BrF^  interacts  with  an 
excess  of  LiNO^  to  give  Br0N02  and  FN02  (1). 

BrFc  +  3LiNO, - *-3LiF  +  BrONO.,  +  0,  +  2FN0_  (1) 

DO  C  Z  £ 


PiVWi1 


However,  when  the  ratio  of  LiNO^tBrFg  was  significantly  higher 
than  three,  N20^  was  produced  instead  of  FNO2 ,  implying  (2)  as 
a  secondary  reaction. 

FN02  +  LiN03 - LiF  +  N205  (2) 

Since  the  methods  generally  used  for  the  synthesis  of  N205 
require  an  efficient  ozone  generator  and,  particularly  when 
HNO^  is  the  starting  material,  involve  cumbersome  purification 
steps,  we  examined  reaction  (2)  for  its  potential  as  a  simple, 
new  synthesis  of  pure  N2°5* 

During  the  characterization  of  N2 O5 ,  its  laser  Raman  spectrum 
was  also  recorded.  Although  the  observed  spectrum  confirms 
the  ionic  N02  +  NC>3  structure  of  solid  N2°5'  Previ°usly 
unreported  bands  were  observed  which  are  incompatible  with  a 
completely  linear  NC>2+  cation. 

Experimental 

Materials  and  Apparatus.  The  FN0_  was  prepared  from  BrFj.  and 

^  18  ^ 

alkali  metal  nitrates,  as  previously  described.  The  LiNO^ 

(J.  T.  Baker,  99.7%)  was  dried  in  vacuo  at  120°C  for  12  hr 

before  use.  Volatile  materials  were  handled  in  a  well  passivated 

19 

(with  C10NC>2 )  stainless  steel  Teflon-FEP  vacuum  line.  Non¬ 
volatile  materials  were  handled  in  the  dry  nitrogen  atmosphere 
of  a  glovebox. 

Infrared  spectra  were  recorded  in  the  range  4000-200  cm  1  on  a 
Perkin-Elmer  Model  283  spectrophotometer.  Raman  spectra  were 
taken  on  a  Spex  Model  1403  spectrophotometer  using  the  647.1-nm 
exciting  line  of  a  Kr  ion  laser  and  a  previously  described^0 
device  for  recording  the  low-temperature  spectra.  Sealed 
glass  tubes  were  used  as  sample  containers  in  the  transverse- 
viewing-  transverse-exc  it  at  ion  mode . 
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Preparation  of  N-,0^ .  A  prepassivated  30mL  stainless  steel 
cylinder  was  loaded  in  the  drybox  with  LiNO^  (2.85  mmol).  The 
cylinder  was  connected  to  the  vacuum  line  and  FN02  (1.34  mmol) 
was  condensed  in  at  -196 *C.  The  cylinder  was  slowly  warmed 
from  -196  to  0*C  and  kept  at  this  temperature  for  24  hours.  It 
was  then  cooled  back  to  -196 #C  and  checked  for  noncondensible 
material  (02),  but  none  was  observed.  The  material  volatile  at 
20®C  was  then  separated  by  fractional  condensation  in  a  dynamic 
vacuum  through  traps  kept  at  -142  and  -196*C  while  the  cylinder 
was  allowed  to  warm  up  from  -196  to  20°C.  The  -142°C  trap 
contained  a  white  solid  (146mg,  weight  calcd  for  1.34  mmol  of 
N20j.  *  14  5mg)  which  was  shown  by  low-temperature  Raman  spectro¬ 
scopy  to  be  pure  N20g.  The  -196 °C  trap  contained  nothing.  The 
nonvolatile  residue  in  the  cylinder  consisted  of  a  white  solid 
(140mg,  weight  calcd  for  1.51  mmol  of  LiNO^  and  1.34  mmol  of 
LiF  *  139mg)  which  was  spectroscopically  identified  as  a  mixture 
of  LiN03  and  LiF. 


Results  and  Discussion 


Synthesis  of  N^O^. .  Nitryl  fluoride  reacts  with  an  excess  of 
LiNO^  to  provide  pure  N2^5  quantitative  yield.  By  limiting 
the  reaction  temperature  to  0*C  and  using  well  passivated 
equipment,  decomposition  or  hydrolysis  of  N205  is  avoided  and 
the  need  for  an  ozone  generator  is  eliminated.  Furthermore, 
the  product  separation  is  extremely  simple  because  N20,.  is 
the  only  volatile  material. 

Raman  Spectrum  and  Structure  of  N.,0,-.  During  the  characterization 

of  the  N20j  prepared  by  the  above  method  from  FN02  and  LiNO^ ,  its 

low-temperature  laser  Raman  spectrum  was  also  recorded.  The 

observed  spectrum  (see  Figure  1  and  Table  1)  exhibited  more  bands 

13  14 

than  previously  reported  '  and  predicted  from  the  known  crystal 
structure^  and  a  factor  group  analysis  (see  Table  2).  To  verify 
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that  these  additional  Raman  bands  belonged  indeed  to  N20g,  a 
sample  of  N20g  was  also  prepared  from  N204  and  ozone  and  its 
Raman  spectrum  was  recorded.  The  observed  spectrum  was  identical 
to  that  of  Figure  1. 


According  to  the  previous  x-ray  crystal  study,  N.,0,.  crystallizes 

4  1  5 

in  the  space  group  (C6/mmc)  with  Z»2  and  trigonal  planar  NO^ 

anions  in  sites  and  linear  symmetric  N02  +  cations  in  sites 
The  structure  was  based  on  64  non-zero  reflections  with  a  final  R 
value  of  0.120.  The  refinement  of  this  structure  was  subsequently 
confirmed  by  Cruickshank  and  coworkers  but  raised  a  question  con¬ 
cerning  the  bond  lengths  of  the  N02+  cations  in  N02  +  NC>3  and 
N02+C104”.  Although  the  symmetric  NC>2+  stretching  modes  are 
practically  identical  in  both  compounds,  the  bondlengths  differed 

by  0.049A  and  rotational  oscillation  corrections  were  suggested 

21 

as  a  possible  explanation  for  this  large  discrepancy. 


Returning  to  the  Raman  spectrum  of  solid  N_0_,  the  only  two 

13  14  z 

previous  studies  '  were  carried  out  with  Toronto  arc  excitation 
Only  two  Raman  lines  at  about  1400  and  1050  cm  1  were  observed  and 
correctly  attributed  to  the  symmetric  N02+  and  NOg  stretching 
modes,  respectively.  We  have  now  also  observed  (see  Figure  1  and 
Table  1)  the  antisymmetric  stretch  and  the  in-plane  deformation 
modes  for  NO  ”  at  1350  and  722  cm  1,  respectively,  and  the 
deformation  mode  for  N02  at  534  cm  .  Whereas  the  Raman  activity 
of  vas  and  6in-plane  of  NOg-  is  in  accord  with  the  results  of  the 
factor  group  analysis  (see  Table  2),  the  latter  cannot  explain 
the  intense  Raman  band  observed  for  the  N02+  deformation  mode. 

The  Raman  and  infrared  activities  and  relative  intensities  of 
the  N02+  modes  in  N02+N03  closely  resemble  those  in  N02+C104~22, 
which  contains  a  slightly  bent  (£CONO  =■  175.211.4*)  N02+  cation.21 
Our  data  for  N02+N03  ,  therefore, suggest  that  the  N02+  cation  in 
solid  N2Og  might  be  similarly  bent.  The  failure  of  the  x-ray 
crystal  structure  study  to  detect  this  nonlinearity  of  N02+ 


for  NO-+NO^  might  be  attributed  to  facts  such  as  the  low 

^  ^  16 
precision  of  the  x-ray  study  (64  reflections,  R  =  0.12) 

or,  more  likely,  rotational  oscillation  of  the  N02*  cation21 

which  could  result  in  an  averaged  linear  structure  for  a 

slightly  nonlinear  ion.  Such  an  averaging  would  not  be  observable 

on  the  vibrational  spectroscopy  time  scale. 

In  addition  to  the  above  discussed  fundamental  vibrations, 

several  very  weak  bands  were  observed  in  the  Raman  spectrum 

of  solid  N02+N03  .  The  three  bands  at  1087,  1079  and  1065  cm'1 

can  be  attributed  to  the  first  overtone  of  the  N02  +  deformation 

mode  in  Fermi  resonance  with  the  symmetric  stretching  mode.  The 

splitting  into  three  components  can  be  explained  by  the  assumption 

of  an  E2u  component  for  the  deformation  mode  which  is  inactive  in 

both  the  infrared  and  Raman  spectra  but  whose  overtone  and 

combination  bands  are  Raman  active  (see  Table  2).  The  weak  band 

at  687  cm  1  is  attributed  to  a  combination  band  of  the  NO* 

*■ 

deformation  with  the  161  cm  lattice  mode.  For  the  very  weak 
band  at  1028  cm  1  we  do  not  have,  at  the  present  time,  a  plausible 
explanation. 
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Table  1.  Vibrational  Spectra  of  Solid 
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Table  2.  Correlation  for  the  Intramolecular  Vibrations  of  NO. 
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DIAGRAM  CAPTION 


Figure  1.  Low-temperature  laser  Raman  spectrum  of  solid  N205 . 
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The  reaction  of  FN02  with  an  excess  of  LiNO^  at  0#C  provides 
a  new,  simple  and  quantitative  synthesis  for  ^0^.  It 
eliminates  some  of  the  drawbacks  of  previo  sly  used  syntheses 
such  as  the  need  for  an  efficient  ozone  generator  and  cumber¬ 
some  purification  steps.  The  laser  Raman  spectrum  of  solid 
N20^  was  recorded  and  suggests  that,  contrary  to  a  previous 
low-precision  x-ray  crystal  structure  study,  the  N02  +  cation 
in  solid  N205  might  not  be  completely  linear. 
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Abstract 


The  reaction  of  BrF^  with  a  large  excess  of  LiNO-j  at  0*C 
produces  LiF,  BrONC^,  N2°5  an<*  °2  as  Principal  products. 

The  infrared  spectra  of  BrONOj  in  the  gas  and  solid  phases 
and  in  N2  and  Ne  matrices,  and  the  Raman  spectrum  of  the 
solid  phase  were  recorded.  With  the  exception  of  the  N-OBr 
torsionai  mode,  all  fundamental  vibrations  of  BrONO^  can  be 
assigned  and  support  a  planar  structure  for  this  molecule. 

The  fundamental  vibrations  involving  the  N02  group  exhibit 
pronounced  frequency  shifts  on  going  from  the  gas  to  the  solid 
indicating  association  in  the  solid  phase.  With  N205  the  BrONO 
molecule  forms  an  unstable  adduct  which  was  shown  by  Raman 
spectroscopy  to  possess  the  ionic  structure  N02+ [Br(0N02)2]  . 
Based  on  a  comparison  of  our  results  with  those  found  in  the 
literature  and  three  unpublished  dissertations,  it  is  concluded 
that  the  previously  reported  compounds  Br02'3N02,  Br(N03>3  and 
BrNO^-NjO,.  are  all  identical  with  our  material  and  therefore 
must  be  assigned  the  composition  N02+[Br(0N02)2]~.  For 
comparison,  Cs+[Br(0N02)2]"  was  also  prepared,  and  its 
vibrational  spectra  were  recorded  and  assigned. 

Introduct ion 


In  a  recent  study  from  our  laboratory  it  was  shown  that  the 
reactions  of  an  excess  of  BrF^  with  the  nitrates  of  Na,  K,  Rb 
and  C s  provide  simple,  high  yield,  one  step  syntheses  for  the 
corresponding  BrF^o”  salts  and  FN02 .  Since  lithium  does  not 


form  a  stable  BrF^O  salt,  the  use  of  LiNO^  as  a  starting 
material  in  the  above  reaction  afforded  a  direct,  one  step 
synthesis  of  BrF^.1  During  the  study  of  the  LiNO-j-BrFj 
system,  it  was  found  that  the  use  of  an  excess  of  LiNO^  in 
this  reaction  dramatically  altered  its  course  and  produced 
bromine  nitrate  containing  material. 

Very  few  papers  dealing  with  bromine  nitrates  have  previously 

been  published.  The  first  report  on  the  existence  of  bromine 

2 

nitrates  was  published  in  1961  by  Schmeisser  and  Taglinger. 

From  the  reaction  of  BrF^  with  N205  they  obtained  a  compound 

believed  to  be  BrfNO^)^.  By  reaction  with  iodine  this  material 

was  converted  to  BrONC>2  which  was  also  prepared  from  BrCl  and 

C10NC>2.  Ozonization  of  Br0N02  resulted  in  the  formation  of 

OjBrONOj.*^  The  only  other  published  reports  on  these  compounds 

were  a  confirmation3  of  the  BrON02  +  c>3  reaction  and  a  study  of 

the  stratospheric  significance  of  Br0N02  in  which  its  gas  phase 

ultraviolet  and  infrared  spectra  and  some  physical  properties 

4 

were  also  reported.  In  addition,  the  synthesis  and  a  partial 
infrared  spectrum  were  reported  for  ( N(  CH3  )4  ] +  [Br ( ONC>2  )  2  ]  ~ 
which  was  prepared  from  [ N( CH3 ) 4 ] +BrCl2~  and  C10N02.5 

Toward  the  end  of  our  study.  Professor  Naumann  from  the 

University  of  Dartmund,  Germany,  kindly  provided  us  with  copies 

6-8 

of  three  unpublished  dissertations  which  were  carried  out 
between  1963  and  1977  under  the  late  Professor  Schmeisser. 

The  pertinent  results  of  these  studies  are  summarized  in  the 
following  three  paragraphs. 

In  1963  Schuster^  found  that  the  interaction  between  Br2  and 
C10N02  at  room  temperature  can  produce  two  different  products. 

At  short  reaction  times  Br0N02  was  obtained  in  good  yield, 
whereas  at  extended  reaction  times  the  principal  product  was 
Br0N02*N20g.  The  latter  compound  was  also  obtained  by  reaction  (1), 


BrON02  +  N205 


Br0N02-N205 


(1) 


and  found  in  the  residue  from  the  partial  decomposition  of 

Taglinger's  "Brt N03 ) 3 . Furthermore,  it  was  shown  that  the 

compound  trinitrobromine  dioxide,  BrO,*3NO, ,  reported  in  1953 
9  i  * 

by  Pflugmacher,  was  identical  with  Br0N02*N205.  Although  no 
structural  information  on  Br02*3NC>2  and  Br0N02*N205  was 
available,  their  compositions  were  firmly  established  by 
elemental  analyses ,  and  the  possibility  of  the  ionic  structure 
N02+ [Br ( N03 ) 2 1 ""  was  suggested. 

Holthausen7  confirmed  for  Br0N02"N205  the  ionic  NC>2+  [Br  (  NO^  )  2  ]  “ 
structure  by  low-temperature  infrared  spectroscopy  and  by  the 
metathetical  reaction  (2). 

N02+[Br(N03)2r  +  [N(CH3)4  ]+N03"  -  [N(CH3)4  ]  +  [Br(N03)2]'  ♦  N205  (2 

The  [ N( CH3 )4 ] + [Br ( N03 ) 2 ]  salt  was  also  prepared  according  to 
reactions  (3),  (4)  and,  interestingly,  (5). 

[N(CH3)4]+BrCl2"  +  2C10N02 - [  N(  CH3  )  4  ]  +  [  Br  (  N03  )  2  ]  "  +  2C12  (3 

[N(CH3)4]+N03_  +  BrON02 - ►  [  N(  CH-j  )  4  ]  +  [  Br  (  N03  )  2  ]'  (4 

tN(CH3)4]+N03"  ♦  -Br(N03)3" - ►[  N(  CH3  )  4  ]  +  [  Br  (  N03  )  2  ]  "  (5 

Attempts  to  prepare  NO+[Br( N03 )2 and  Cs+ [ Br ( N03 ) 2 ] ~  were  either 
unsuccessful  or  resulted  in  an  impure  product,  respectively.  The 
low  temperature  infrared  spectrum  of  BrONO,  was  also  recorded  and 
showed  the  following  absorptions  (cm  ):  1655s,  1615vs,  1260vs, 
830vs,  725s,  630s,  395s.7 

8  2  6  7  + 

Stosz°  repeated  the  previous  preparat ions'* '  '  of  Br0N02,  N02+ 

[Br(N03)2]  ,  and  "Br ( N03 ) 3" ,  recorded  their  low-temperature  Raman 

spectra  and  redetermined  some  physical  properties,  such  as  melting 

points  and  vapor  pressures  ( BrONO, :  mp  *  -28*C,  AH  *  8.0 

8  vap  _ 

kcal/mol)  .  He  showed  that  the  Raman  spectra  of  NO, + [ Br( NO, ) , ] 


and  "Br(N03)3"  were  identical  and  concluded  that  N02+[Br(N03)2]~ 
actually  was  Br(N03)3.  Attempts  to  prepare  K+[Br(N03>2]_  were 
unsuccessful.8 


Based  on  the  above  data,  the  identity  of  Br0N02  appeared  well 
established;  however,  serious  doubts  existed  concerning  the  exact 
nature  of  either  Br02*3N02,  Br0NO2*N205,  N02+ [Br( N03 ) 2 ]’ ,  or 

Br(NO-)-.  The  fact  that  all  four  compounds  represent  one  single 

J  J  6-8 
species  has  been  well  established.  However,  the  recent  Raman 

spectroscopic  identification  of  this  species  as  Br(N03)3  by 

Stosz8  could  not  explain  the  results  of  both  Schuster6  and 
7 

Holthausen  and  required  a  thorough  reexamination. 


>erimental 


Materials.  Commercial  LiN03  (J.  T.  Baker,  99.7%)  and  CsBr 
(Aldrich,  99.9%)  were  dried  in  a  vacuum  oven  at  120 *C  for  one 
day  prior  to  their  use.  The  BrP5  (Matheson)  was  treated  with 
35  atm  of  F2  at  100*C  for  24  hr  and  then  purified  by  fractional 
condensation  through  traps  kept  at  -64  and  -95*C,  with  the 
material  retained  at  -95*  being  used.  The  Br2  (J.  T.  Baker, 

purified)  was  stored  over  P-O-  prior  to  its  use.  The  CsBrCl, 

^  3  10  ^ 
was  prepared  from  CsBr  and  Cl2  in  CH3CN  solution.  After 

addition  of  about  the  stoichiometric  amount  of  Cl2  to  the 

CsBr-CH3CN  solution,  a  small  amount  of  undissolved  white  solid 

was  removed  by  filtration  in  a  dry  N2  atmosphere.  The  clear, 

yellow  filtrate  was  pumped  to  dryness  at  ambient  temperature. 

The  resulting  yellow  solid  was  identified  as  CsBrCl,  by  its 

-1  10  1 

strong  Raman  band  at  294  cm  .  The  synthesis  of  CIONO,  has 

11  z 

previously  been  described. 


Apparatus .  Volatile  materials  used  in  this  work  were  handled 

in  a  well-passivated  (with  BrF^  until  it  was  recovered  as  a 

white  solid  at  -196*Corwith  CIONO-  when  no  fluoride  coatings 

*•  12 

were  desired)  stainless  steel  Teflon  FEP  vacuum  line.  Non- 


volatile  materials  were  handled  in  the  dry  nitrogen  atmosphere 
of  a  glovebox. 

Infrared  spectra  were  recorded  in  the  range  4000-200  cm-1  on 
a  Perkirt-Elmer  Model  283  spectrophotometer.  Spectra  of  solids 
were  obtained  by  using  dry  powders  pressed  between  AgCl  or  AgBr 
windows  in  an  Econo  press  (Barnes  Engineering  Co.).  Spectra 
of  gases  were  obtained  by  using  a  Teflon  cell  of  5-cm  path 
length  equipped  with  AgCl  windows.  The  low-temperature  infrared 
spectra  of  solid  and  matrix-isolated  materials  were  obtained 
with  an  Air  Products  Model  DE202S  helium  refrigerator  equipped 
with  Csl  windows.  For  the  matrix  isolation  spectra  of  BrONC>2. 
the  N2  or  Ne  matrix  gas  was  swept  through  a  Teflon  FEP  U-tube 
containing  Br0N02  at  -31*C. 

Raman  spectra  were  recorded  on  either  a  Cary  Model  83  or  a 
Spex  Model  1403  spectrophotometer  using  the  488-nm  exciting 
line  of  an  Ar  ion  laser  or  the  647.1-nm  exciting  line  of  a  Kr 
ion  laser,  respectively.  Sealed  glass  tubes  were  used  as 
sample  containers  in  the  transverse-viewing-transverse- 
excitation  mode.  A  previously  described13  device  was  used 
for  recording  the  low- temperature  spectra. 

Preparation  of  BrONO.,.  Since  the  reaction  of  BrCl  with  CIONO, 

gives  only  low  yields  of  BrONO-,  '  '  the  reaction  of  Br, 

^  6  8  ^ 

with  C10N02  was  used  for  its  synthesis.  *  In  a  typical 
experiment,  dry  Br2  (10.43  mmol)  and  C10N02  (31.82  mmol) 
were  successively  condensed  into  a  prepassivated  (with  C10N02 ) 
75mL  stainless  steel  cylinder.  The  cylinder  was  warmed  from 
-196*  to  25*C  and  was  kept  at  this  temperature  for  1.5  hr  with 
frequent  agitation.  It  was  then  cooled  to  -196*C  and  contained 
no  noncondensible  material  (no  02  evolution).  The  cylinder 
was  allowed  to  slowly  warm  to  25*C  while  separating  the 
volatile  material  by  fractional  condensation  in  an  oil  pump 
vacuum  through  a  series  of  traps  kept  at  -31*  ( bromobenzene 


V-  5 


-ij-witji  njivTrtOTiwyrw:»i'.iinnww  1 i ■  •!>  n  j»  wf  w.nr  w  »  «  uww  vj^bp.  up  hf  bj  u»tw\j  wui 


&s&g& 


slush),  -45*  (chlorobenzene  slush),  and  -196*C.  The  trap  at 
-45*  contained  3.90  mmol  of  a  yellow  solid  which  was  identified 
by  its  vibrational  spectra  as  BrONO^  (18.6%  yield  based  on  Br^). 
The  -196*  trap  contained  the  Cl2  by-product  and  the  unreacted 
Br2  and  C10N02. 

When  the  reaction  between  Br2  and  C10N02  is  carried  out  for 
prolonged  time  periods  at  room  temperature,  the  main  product 
becomes  N02  +  (Br(0N02  )2  ]“.®  Separation  of  Br0N02  from  NC>2+ 
[Br(0N02)2)_  can  be  achieved  by  pumping  on  a  mixture  of  the 
two  kept  at  -35*C.  The  N02  +  [Br(0N02  )2  )*  is  less  volatile  and 
remains  as  a  white  or  very  pale  yellow  residue,  whereas  the 
BrON02  can  be  collected  as  a  yellow  sublimate. 

Preparation  of  Cs*  [Br (  NO.j ) 2 ] ~ .  A  prepassivated  (with  C10NC>2) 
30mL  stainless  steel  cylinder  was  loaded  in  the  drybox  with 
CsBrCl2  (2.432  mmol).  On  the  vacuum  line,  C10N02  (19.68  mmol) 
was  added  at  -196 *C.  The  cylinder  was  allowed  to  warm  to  0*C 
and  was  kept  at  this  temperature  for  4  hr  with  occasional 
agitation.  The  cylinder  was  cooled  to  -196*C  and  contained  no 
noncondensible  gas.  The  material  volatile  at  0*C  was  pumped 
off  and  separated  by  fractional  condensation  through  traps 
kept  at  -112*  and  -196 *C  during  warm  up  of  the  cylinder  from 
-196*  to  0*C.  The  -196*  trap  contained  Cl2  (4.51  mmol), 
whereas  the  -112*  trap  had  unreacted  C10N02  (14.78  mmol).  The 
cylinder  contained  743  mg  of  a  white  solid  which  based  on  its 
vibrational  spectra  was  Cs*[Br(0N02)2)  containing  a  small 
amount  of  CsN03.  The  latter  was  formed  by  slow  decomposition 
of  Cs+(Br(0N02) 2J“  at  ambient  temperature  which  was  shown  to 
yield  CsNO^  and  Br0N02  as  the  primary  products,  followed  by 
decomposition  of  BrONOj  to  Br2,  N20j,  N02  and  02.  Attempts 
to  prepare  Cs+[Br(0N02 )2J  directly  with  CsBr  and  C10N02  at 
0*C  were  unsuccessful  and  produced  only  a  product  consisting  of 
CsNO^  and  an  unidentified  cesium  polyhalide  which  was  also 
obtained  from  the  reaction  of  CsBr  with  Cl2  in  aqueous 
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solution.  Its  solid  phase  Raman  spectrum  showed  the  following 

bands,  340vw,  230sh,  215s,  203vs,  142m,  126w,  108w,  80m,  62mw, 

14 

and  resembled  that  of  CsIBr2  ,  except  for  significant  shifts 
to  higher  frequencies. 


The  LiNOj-BrFc  System.  A  prepassivated  (with  BrF,. )  30mL 
stainless  steel  cylinder  was  loaded  in  the  drybox  with  LiNO^ 
(20.065  mmol).  On  the  vacuum  line,  BrF^  (2.485  mmol)  was 
added  at  -196*C.  The  cylinder  was  kept  at  0*C  for  3.5  days 
and  then  cooled  to  -196 *C.  The  material  volatile  at  -196*C 
consisted  of  02  (2.481  mmol).  The  cylinder  was  allowed  to 
slowly  warm  to  25*C  while  the  volatile  material  was  separated 
in  a  dynamic  vacuum  by  fractional  condensation  through  two 
traps  kept  at  -142  and  -196*C.  The  -196*C  trap  contained  a 
trace  of  FN02,  whereas  the  -142*C  trap  had  894  mg  of  a  white 
solid  consisting  of  an  equimolar  mixture  of  N02  +  [Br(ONC>2)2]~ 
and  N205  (weight  calcd  for  2.485  mmol  N02+ {Br(0N02 )2 ] “  and 
2.485  mmol  of  N20^  ■  889  mg).  The  white  solid  residue  (851  mg) 
in  the  cylinder  consisted  of  LiF  and  LiNO^  (weight  calcd  for 
12.423  mmol  of  LiF  and  7.643  mmol  of  LiNO..  *  849  mg).  Separation 
of  N02  lBr(0N02)^]  from  was  achieved  by  fractional  conden¬ 

sation.  The  N02  [Br(0N02)2]”  was  trapped  at  -35*C  whereas  the 
N205  slowly  passed.  Vibrational  spectroscopy  was  used  for  the 
identification  of  the  materials. 


When  the  ratio  of  LiNO^  to  BrF^  was  less  than  five,  the  formation 
of  some  free  FN02  was  observed  together  with  a  decreased  yield 
of  N205. 


Results  and  Discussion 


In  this  section,  we  will  first  present  our  results  on  the  syntheses 
and  characterization  of  BrONOj,  Cs+IBr(0N02 )2)“  and  N02+(Br(0N02)2) 


followed  by  a  critical  review  of  the  presently  known  bromine 

nitrate  chemistry  based  on  our  data  and  the  unpublished 

6  7  8 

dissertations  of  Schuster  ,  Holthausen  and  Stosz. 

Syntheses .  When  BrF^  is  reacted  with  a  threefold  amount  of 
LiNO^,  the  main  products  are  Br0N02  and  FN02  (6). 

3LiN03  +  BrFg - ►3LiF  +  BrONC>2  +  2FN02  +  02  (6) 

At  a  mole  ratio  of  LiN03  to  BrF^  above  five,  Br0N02  and  N2C>5 
(or  their  adduct,  depending  on  the  temperature)  become  the  main 
products  (7). 

5LiN03  +  BrF5 - 5LiF  +  BrONC>2  +  2N2C>5  +  02  (7) 

Subtraction  of  equation  (6)  from  (7)  implies  reaction  (8)  which 
was  experimentally  verified  and  will  be  reported  on  separately. 16 

2LiN03  +  2FN02 - **-2LiF  +  N2C>5  (8) 

Furthermore,  it  was  found  that,  in  agreement  with  Schuster6 
and  Holthausen,7  Br0N02  forms  with  the  1:1  adduct 

Br0N0-*N205  (1)  which  has,  as  shown  below,  the  ionic  structure 
N£>2  [Br(0N02)2)  .  Since  our  vibrational  spectra  for  NC>2 
[Br(0N02)2]_  (see  below)  were  almost  identical  to  those 
attributed  by  Stosz®  to  "Br( N03 )3" ,  additional  synthetic  work 
was  carried  out  to  resolve  some  of  the  previously  reported 
discrepancies.  For  example,  Br0N02  was  prepared  by  Schuster's 
method6  (9) 

Br2  ♦  2C10N02 - ^-2Br0N02  +  Cl2  (9) 

and  was  characterized.  For  the  unambiguous  identification  of 
the  (Br(0N02)2)”  anion,  the  Cs+ [Br ( 0N02 ) 2 ]  salt  was  prepared 
according  to  (10)  and  characterized. 

CsBrClj  +  2C10N02 - ►  Cs+[Br(0N02)2)-  ♦  2C12  (10) 
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Characterization  of  BrONO^ 

Physical  Properties.  Br0N02  is  the  best  characterized  bromine 
nitrate.  It  is  a  yellow  solid  with  a  melting  point  of  -28*C. 

O 

This  value  agrees  well  with  that  reported  by  Stosz,  but  is 

significantly  higher  than  those  of  -42*  and  -33*  reported 
2  4 

previously.  '  These  low  values  were  probably  due  to  the 
presence  of  some  impurities.  It  has  a  vapor  pressure  of  114mm 
at  23 *C  and  slowly  decomposes  at  ambient  temperature  to  Br2, 
NjOg,  N02,  and  02« 

Vibrational  Spectra  and  Structure.  Only  limited  data  were 

previously  available  on  the  vibrational  spectra  and  structure 

of  BrONO, .  A  partial  infrared  spectrum  of  the  gas  had  been 
*  4 

published,  and  one  of  the  dissertations  contained  a  Raman 

*  Q 

spectrum  of  the  solid  whose  frequencies  deviated  significantly 

from  the  gas-phase  values.  No  conclusions  were  reached  whether 

the  bromine  atom  is  coplanar  or  perpendicular  to  the  02N0-plane. 

For  the  closely  related  C10N0-  molecule,  the  question  concerning 

^  17-25 

its  planarity  was  hotly  disputed  and  finally  settled  in 

favor  of  a  planar  structure.  ~  In  view  of  the  scarcity 
of  data  for  BrONOj,  we  have  recorded  its  infrared  spectra  in 
the  gas  phase  and  in  N2  {see  Figure  1)  and  Ne  matrices,  and 
the  infrared  and  Raman  spectra  of  the  neat  solid  (see  Figure  2). 
The  observed  frequencies  are  summarized  in  Table  1. 


Vibrational  Assignments. 


A  comparison  of  the  fundamental 


vibrations  of  Br0N02 
C10N0  17-22,27,28,  3 


with  those  of  the  closely  related  molecules 
0  F0N02, 19-21  CH30N02,33  and  HONOj34  shows 


excellent  agreement  both  with  respect  to  frequencies  and  relative 


infrared  and  Raman  intensities  (see  Table  2).  Since  the  planarity 
of  C10N02, 26-32  CH30N0235  and  H0N0236  is  well  established,  the 
data  of  Table  2  strongly  supports  a  planar  structure  for  BrONC>2 
as  well. 


The  assignments  of  the  observed  fundamental  vibrations  to  the 
individual  modes  is  straight  forward.  A  planar  Br0N02  molecule 
has  symmetry  C#.  The  irreducible  representation  for  the  intra¬ 
molecular  vibrations  is  7A'  +  2A".  The  intense  1714,  1288, 

806,  and  564  cm  ^  infrared  gas-phase  bands  are  characteristic  for 
all  covalent  nitrates  and  are  due  to  the  antisymmetric  N02 
stretching,  the  symmetric  N02  stretching,  the  N02  scissoring, 

and  the  ONO,  antisymmetric  in  plane  deformation  vibrations, 
z  21 

respectively. 

The  N-0  stretching  mode  has  very  high  Raman  intensities  in  all 

the  covalent  nitrates  listed  in  Table  2  and  occurs  in  FONO, 

-1  21  2 
and  C10N0?  at  457  and  436  cm  ,  respectively.  Therefore, 

‘  i 

this  mode  is  assigned  to  the  very  intense  Raman  band  at  397  cm 
in  solid  Br0N02. 

A  cursory  inspection  of  Table  2  might  raise  questions  of  why 

the  N-0  stretching  modes  should  be  of  such  high  Raman  intensities, 

14  15 

exhibit  negligible  N-  N  isotopic  shifts,  and  have  surprisingly 
low  frequencies.  A  comparison  with  the  well  known  and  analyzed 
vibrational  spectra  of  FN02  provides  the  answer  to  these  questions. 
The  FN02  molecule  is  a  good  approximation  to  the  ON02  part  of 
the  X0N02  compounds,  but  due  to  its  higher  symmetry  and  lower 
number  of  fundamental  vibrations  is  much  more  amenable  to  a 
thorough  normal  coordinate  analysis.  Thus,  the  A^  block  of 
FNO_  contains  only  three  fundamental  vibrations  at  about  1308, 

z  i 

810  and  555  cm  which  are  best  assigned  to  the  symmetric  N02 

stretching,  the  NO-  scissoring  and  the  NF  stretching  mode, 

21  37-39 

respectively.  *  The  observed  frequencies,  intensities, 

14  15 

and  N-  N  isotopic  shifts  are  similar  to  those  of  the  corre¬ 
sponding  ONO-  modes  in  XONO-.  The  potential  energy  distribution 
(Set  I  in  Table  VII  of  Mirri  et  al. )  shows  that  the  highest 
frequency  is  almost  pure  N02  stretching,  the  intermediate 
frequency  is  mainly  an  antisymmetric  combination  of  the  N02 


scissoring  motion  and  the  NF  stretching  motion  with  some  contri¬ 
bution  from  NO2  stretching,  while  the  lowest  frequency  is  best 
described  as  a  symmetric  combination  of  NF  stretching  and  some 
N02  stretching.  These  results  account  nicely  for  the  experimental 
observations  and  should  be  directly  transferrable  to  the  X0N02 
molecules  of  this  study.  A  normal  coordinate  analysis  for  Br0N02, 
however,  would  be  of  little  value  in  view  of  the  grossly  under¬ 
determined  nature  of  the  problem  (28  symmetry  force  constants 
from  seven  frequencies  in  the  A'  block)  and  the  expected  strong 
coupling  effects. 

It  should  be  noted  that  in  the  infrared  spectrum  of  solid  BrONO- 

-1  i 

the  N-0  stretching  mode  becomes  quite  intense  (see  400  cm  band 
in  trace  A  of  Figure  2).  This  increase  in  intensity  for  the  neat 
solid  is  attributed  to  pronounced  association  effects  (see  below). 

The  N-O-Br  in  plane  bending  mode  should  result  in  an  intense 
Raman  band  between  300  and  200  cm  1  and  therefore  can  readily 
be  assigned  to  the  strong  Raman  band  at  244  cm”1.  The  N-OBr 
torsional  mode  should  occur  below  140  cm”1  and  cannot  be  assigned 
with  confidence  based  on  the  available  data. 

The  only  two  fundamental  vibrations  yet  unaccounted  for  are  the 

ONOj  out  of  plane  deformation  and  the  O-Br  stretching  modes.  The 

O-Br  stretching  mode  should  be  of  high  Raman  and  low  infrared 

intensity,  whereas  the  60N0,  out -of -plane  mode  should  be  of  medium 

z  -1 

IR  and  low  Raman  intensity  and  occur  in  the  700  to  770  cm  region. 
Based  on  these  predictions,  the  intense  Raman  band  at  761  cm  1 
with  a  weak  matrix  infrared  counterpart  at  750  cm  1  is  assigned 
to  vO-Br,  and  the  medium  strong  matrix  infrared  band  at  725  cm  1 
with  a  very  weak  Raman  counterpart  at  738  cm  1  to  the  5  out  of 
plane  0N02  mode.  This  accounts  for  all  the  nine  fundamental 
vibrations  of  BrONOj  and  provides  consistent  frequency  and 
intensity  trends  for  the  series  H0N02,  CH^ONOj,  FONC^ .  ClONOj.  and 
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BrONO.,  (see  Table  2).  Essentially  all  of  the  observed  weak 
bands  can  be  assigned  in  terms  of  overtones  and  combination 
bands  of  these  fundamental  vibrations  (see  Table  1). 
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Association  in  the  Solid  Phase.  As  mentioned  above,  some  of  the 
fundamental  vibrations  in  solid  Br0N02  significantly  deviate 
from  those  of  the  gas  and  the  matrix  isolated  molecule.  From 
the  fundamental  vibrations  involved  and  the  magnitudes  and 
directions  of  the  shifts,  conclusions  can  be  drawn  concerning 
the  nature  of  the  association.  The  involvement  of  the  N02 
group  in  the  bridging  is  indicated  by  a  lowering  of  its  stretching 
frequencies  (Avas  «  -98,Avs  »  -23  cm  and  an  increase  of  its 
in-plane  deformation  frequencies  (A6as  ■  77,  A6s  *  34  cm  ^). 

The  fact  that  the  6  out-of-plane  0N02  frequency  is  esssentially 
unshifted,  suggests  that  the  bridging  occurs  in  the  0N02  plane 
and  does  not  directly  involve  the  nitrogen  atom.  Hence,  the  N02 
group  should  bridge  to  either  the  bromine  or  the  oxygen  atom 
of  the  O-Br  group  of  another  Br0N02  molecule.  Of  these  two 
alternatives,  bromine  definitely  is  the  better  acceptor  as 
shown  by  the  existence  of  the  (Br(0N02)2l  anion.  Since  in 
this  anion  the  nitrate  ligands  are  monodentate,  we  prefer  for 
solid  Br0N02  a  model  involving  intermolecular  Br0N(0)0— *fc-Br0N02 
bridges  which  are  also  monodentate. 

Characterization  of  Cs*{Br(0N02).J~  and  NO..* [ Br(  ONO..  K  ]  ~ 

Physical  Properties.  Cs+(Br(0N02)2]“  is  a  white  crystallinic 
solid.  It  is  only  marginally  stable  at  room  temperature  and 
dissociates  to  CsNO^  and  Br0N02  with  the  latter  decomposing 
further  to  Br2,  N2°5’  N02»  and  °2*  Therefore  it  is  difficult 
to  obtain  samples  which  are  completely  free  of  CsNO^. 

N02+(Br(0N02)2]”  is  a  white  crystallinic  solid  which  can  be 
purified  by  vacuum  sublimation.  It  is  stable  at  -35*C  and  can 
be  trapped  at  this  temperature.  At  23 *C  it  has  a  dissociation 
pressure  of  about  130  torr  and  decomposes  to  Br0N02  and  N20^ 
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which  can  then  undergo  further  slow  decomposition  to 

Br2  +  N2°5  +  °2  an^  N2°4  +  °2'  resPective^y*  melts  at 

about  46 *C  with  decomposition. 

Vibrational  Spectra.  The  vibrational  spectra  of  Cs+[Br(ONC>2)2]~ 

and  N02+ [Br ( 0N02 ) 2 ]  are  shown  in  Figures  3  and  4,  respectively. 

The  observed  frequencies  and  their  assignments  are  summarized 

in  Table  3.  A  cursory  inspection  of  Figures  3  and  4  reveals  that 

the  main  features  in  the  spectra  of  both  materials  are  very  similar, 

except  for  three  extra  bands  in  NO,+[Br(ONO- These  extra 

-1  1  , 

bands  occur  at  1395  cm  in  the  Raman  and  at  2370  cm  and  566-551 

cm  ^  in  the  infrared  spectra.  These  bands  are  characteristic  for 

+  40  41  + 

the  N02  cation  '  and  establish  the  ionic  structure  NC>2 

[Br(0N02)2]  for  this  Br0N02*N205  adduct. 

The  first  question  which  must  be  answered  with  respect  to  the 

[Br(0N02)2]  anion  is  the  nature  of  the  nitrato  groups.  These 

groups  could  be  either  ionic  or  covalent.  From  the  complexity  of 

the  observed  spectra  and  the  absence  of  bands  characteristic  for 
-  40 

a  free  NO^  anion,  it  can  be  concluded  that  the  nitrato  groups 
must  be  covalent. 

A  covalent  nitrato  ligand  could  be  either  mono-  or  bi-dentate. 

42  43 

Based  on  previous  thorough  vibrational  analyses,  '  covalent 
bidentate  nitrato  ligands  should  exhibit  in  the  900-1700  cm 
range  three  groups  of  Raman  bands  at  about  1600  (vN»0),  1200 
(vas  N02 )  and  1000  cm  ^  (vs  N02 )  with  their  intensities 

decreasing  in  the  order  Ii600>11000>11200’  0n  the  other  hand' 
covalent  monodentate  nitrato  groups  should  exhibit  two  bands 

in  the  900-1700  cm  ^  frequency  range  at  about  1700  (vas  NO-, ) 

-1  -1 
and  1300  cm  (vs  N02 )  with  the  1300  cm  band  being  more 

intense  in  the  Raman  spectrum.  For  molecules  containing 

more  than  one  nitrato  ligand,  coupling  of  the  vibrations  of 

these  ligands  is  expected  which  should  result  in  splittings 

due  to  in-phase  and  out-of -phase  motions.  Furthermore,  the 

formal  negative  charge  in  the  ion  is  predicted  to  increase 


n  n  mv'iiri  untf»  ct  u  ■  rm  \rtvwen  vwvnFrsrfrvwweywv  'T»  l"»  \T*v^  ’•  *  L'»v  y  *v-  Tnif  if*»  v  »  if*  ».»  »j  rji  *j  i>  "jirj  -j  •jrjvn 


the  polarity  of  the  nitrogen-oxygen  bands,  thereby  lowering 
their  frequencies  somewhat.  Inspection  of  Figures  3  and  4 
shows  that  the  observed  spectra  are  in  accord  with  these 
predictions  for  strongly  coupled  monodentate  ligands  and 
therefore  will  be  assigned  in  this  manner. 

The  next  question  is  how  are  the  two  nitrato  ligands  in 
[Br(0N02)2)~  most  likely  arranged  with  respect  to  each 
other?  Treating  the  -0N02  group  as  a  pseudo-halide,  the 
O-Br-O  part  of  lBr(0N02)2l”  is  expected  to  be,  for  practical 
purposes,  linear.  Since  the  N-O-Br  angle  should  be  close  to 
tetrahedral  (109*),  the  two  nitrato  ligands  could  be  either  cis 
or  trans  to  each  other,  or  form  a  dihedral  angle.  If  the 
nitrato  ligands  would  be  trans  to  each  other,  the  {Br(0N02)2)_ 
anion  would  possess  a  symmetry  center,  and  the  infrared  and 
Raman  bands  should  be  either  mutually  exclusive  or  at  least 
differ  dramatically  in  intensity.  Since  this  is  not  the  case, 
a  trans-configuration  can  be  ruled  out.  Since  mutual  repulsion 
arguments  mitigate  against  a  cis-isomer,  we  prefer  a  configuration 
with  a  dihedral  angle.  Such  an  anion  would  possess  symmetry  C2, 
with  the  twofold  rotation  axis  passing  through  the  Br  atom  at  a 
right  angle  to  the  O-Br-O  axis  and  splitting  the  dihedral  angle 
in  half. 

The  irreducible  representation  for  the  intramolecular  vibrations 

of  [Br(0N02)2]-  of  symmetry  C2  is  X  ■  10A  ♦  11B,  where  the  A 

modes  are  symmetric  and  the  B  modes  antisymmetric  to  the  twofold 

axis.  Of  these  21  modes,  9  belong  to  the  x0-Br-0  skeleton 

N  N 

and  12  involve  motions  of  the  nitrato  ligands.  A  breakdown 
into  the  individual  modes  is  given  in  Table  4.  Since  the  unit 
cells  of  these  (Br(0N02)2]‘  salts  might  contain  more  than  one 
molecule,  additional  splittings  might  be  observed  in  the  actual 
spectra  due  to  ion  coupling  and  anion-cation  interactions. 
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Tentative  assignments  for  some  of  the  fundamental  vibrations 

of  [Br(0N02)2]  can  be  made  on  the  following  basis.  The  four 

groups  of  bands  between  900  and  1600  cm-1  should  represent  the 

four  N02  stretching  modes.  Of  these,  the  symmetric,  in-phase 

NO 2  stretch  should  be  very  strong  in  both  the  Raman  and  the 

infrared  spectra  and  therefore  must  be  assigned  to  either  the 

1280  or  the  1530  cm  1  group.  Since  in  BrONO,  (see  above)  the 

-1  ^ 

symmetric  NO,  stretch  is  about  370  cm  lower  than  the  anti- 
^  -1 

symmetric  one,  the  1280  cm  group  in  the  spectra  of  [Br(0N02)2] 

is  assigned  to  the  symmetric,  in-phase  NO,  stretch.  This  leaves 

-1  * 
the  1530  cm  group  for  assignments  to  one  of  the  two  anti¬ 
symmetric  N02  stretches.  From  these  two,  the  out-of-phase  mode 
should  be  of  much  higher  infrared  intensity  than  the  in-phase 
mode  and  therefore  the  1530  cm  ^  group  is  assigned  to  the  anti¬ 
symmetric,  out-of-phase  NO,  stretch.  Based  on  its  low  infrared 

-1  ^ 

intensity,  the  1100  cm  group  is  assigned  to  the  antisymmetric, 
in-phase  N02  stretch,  leaving  the  950  cm  ^  group  for  assignment 
to  the  symmetric,  out-of-phase  N02  stretch. 

Two  comments  are  required  with  respect  to  these  N02  stretching 
bands:(i)  for  N02+ [Br ( 0N02 ) 2 1  the  Raman  bands  show  additional 
splittings  into  3  components  for  the  antisymmetric  and  2 
components  for  the  symmetric  modes  and  also  their  frequencies 
significantly  deviate  in  most  cases  from  those  of  their  infrared 
counterparts.  This  is  attributed  to  the  influence  of  the  NC>2  + 
counterion  which  is  less  symmetrical  than  Cs+  thus  causing 
stronger  cation-anion  interactions  in  the  solid;  and  (ii)  for 
Cs+ (Br ( 0N02 )2 ]  the  failure  to  observe  a  Raman  band  around 
1130  cm  ^  might  be  due  to  the  lower  signal  to  noise  ratio  in  the 
spectrum. 

There  is  a  group  of  three  distinct  bands  in  the  690  to  790  cm  ^ 
region  which  are  assigned  by  analogy  with  the  spectra  of  solid 
BrONO,  (see  above)  to  the  scissoring,  the  out-of-plane ,  and  the 


antisymmetric  in-plane  deformation  modes  of  the  NO^  groups  (see 
Table  3).  No  detectable  splittings  due  to  in-phase  and  out-of¬ 
phase  coupling  were  observed  for  these  modes. 

The  0-N  torsional  mode  is  expected  to  be  of  low  frequency  and  to 
occur  in  the  frequency  range  of  the  skeletal  modes.  Therefore,  no 
attempt  was  made  to  assign  this  mode. 

The  assignments  for  the  NOBrON  skeletal  modes  are  more  difficult 

because  few  data  are  available  for  comparable  systems.  If  the 

nitrato  group  is  treated  as  a  pseudo-halide,  the  known  spectra 

of  certain  [BrHal2]  species  will  give  us  an  estimate  for  the 

frequency  range  to  be  expected  for  the  OBrO  vibrations.  In 

BrF_  ,  BrCl-  and  Brj  the  symmetric  stretching  vibration  has 
*  ^  44  45  _ i  45 

frequencies  of  442,  272,  and  162  cm  ,  respectively. 

Furthermore,  the  N-0  stretching  vibration  in  the  halogen  nitrates 

occurs  between  390  and  460  cm”1  (see  Table  2).  Therefore,  it 

seems  reasonable  to  assume  that  the  NOBrON  skeletal  modes  should 

occur  in  similarly  low  frequency  ranges  and  not  be  assignable 

to  the  bands  observed  in  the  700-800  cm-1  range.  Based  on  these 

comparisons,  we  tentatively  assign  the  strong  Raman  bands  at  317 

and  298  cm  1  in  Cs+ [ Br{ ONOj ) 2 1  to  the  symmetric  in-phase  N-0 

stretch  and  the  symmetric  BrO-  stretch,  respectively,  and  the 

^  - 1 

weak  Raman  bands  at  about  460  and  400  cm  to  the  corresponding 
antisymmetric  stretching  motions,  respectively.  Due  to  the 
overlap  of  the  frequency  ranges  of  the  skeletal  deformation 
modes  and  the  lattice  vibrations,  no  assignments  are  proposed 
at  this  time  for  the  lower  frequency  bands. 

Critical  Review  of  Bromine  Nitrate  Chemistry.  A  combination  of 

2  6  7 

our  results  with  those  of  Taglinger,  Schuster,  Hothausen, 

8  9 

Stosz,  and  Pflugmacher  allows  the  following  conclusions 
concerning  the  presently  known  bromine  nitrates:  (i)  the  compound 

2 

obtained  originally  from  BrF^  and  N20c  and  ascribed  to  "Br(N02)3“ 


+  -  8 

is  actually  NC>2  [Br(0N02)2]  .  Stosz  repeated  the  original 
synthesis^  and  recorded  a  low  temperature  Raman  spectrum 
which  is  identical  to  that  obtained  by  us  for  N02+[Br(0N02)2]~. 
Furthermore,  the  physical  and  chemical  properties  reported  2,8 
for  "Br(NO- )  “  are  practically  identical  to  those  of 
N02[Br(0N02)2]  .  Schuster  had  previously  shown  that  Pflugmacher' 
*Br02*3N02"^  is  identical  to  "BrNO^ • N20j" ,  which  has  been  shown 
by  this  study  to  be  N02+ (Br ( 0N02 ) 2 )  .  Therefore  the  previously 
reported  compounds  "Br(  NO- ) ,  * ,  *Br0.,-3N0  •,  and  "BrN0-,*N-0  "  *»-• 


all  one  and  the  same  compound,  i.e.  NO. 


[BrtONO-'K 


(ii)  based  on  the  fact  that  •Br(N03)3*  is  actually  N02  [Br(0N02)2] 
we  have  critically  reviewed  the  known  reaction  chemistry  of  the 
bromine  nitrates.  The  most  important  reactions  are  presented  in 
Scheme  1.  The  formation  of  N02  + [Br ( 0NO2 )2 ]”  from  BrF^ 


BrCl 


Br2  4  N205  ♦ 


+BrONO. 


*  0* 


+C10N0.  1  +  N-O.  f  ^ 

>  - Br0N02 - N02*[Br(0N02)2]^dlscha^?Br2  +  02 


♦°3  V 


UMNO. 


HN03  +  Br2 


I(N03}3  ♦  T 

M  [Br(0N02)2] 


02Br0N02 


♦  FNO. 


+C10N0. 


02BrF  ♦  N205 


M  BrCl. 


Scheme  1.  Reaction  Chemistry  of  Bromine  Nitrates 


2 

and  N2°5  the  orl9inal  "Br(N03)3"  preparation  can  readily 
be  explained  in  terms  of  reactions  (11)  through  (14). 


BrF3  +  N205 - 

— fc-2FN02  +  BrFO 

(ID 

2BrF0  - 

— ►  FBr02  +  BrF 

(12) 

BrF  +  N205 - 

— i»-Br0N02  +  FN02 

(13) 

4*  .  — 

BrONC>2  +  N205 — 

— *-N02  [Br(0N02)2] 

(14) 

Experimental  support  for  this  sequence  was  obtained  by  Stosz° 

who  demonstrated  the  formation  of  FBr02  as  a  by-product  in  this 

system.  Similarly,  BrONO-  does  not  disproportionate  according 
8  - 

to  (15),  but  produces  NC>2  [Br{ONC>2)2]“  according  to  (16)  and  (17) 


3Br0N02 - ^ 

— Br ( 0N02 ) 3  +  Br2 

(15) 

2Br0N02 - 

— ^Br2  +  N205  +  h02 

(16) 

Br0N02  +  N205— 

— fc-N02+(Br(0N02)2r 

(17) 

The  formation  of  NC>2  (Br(0N02)2]~  from  Br2  and  C10NC>2  at  room 
temperature  and  extended  reaction  times  can  similarly  be 
explained  by  (9),  followed  by  (16)  and  (17)  resulting  in  (18) 


Br2  +  6C10N02 


•2N02  [Br(0N02)2]  +  3C1  +  C>2 


(18) 


as  the  overall  reaction.  By  limiting 

the  reaction  time  of  (9)  to  about  one  hour,  the  thermal 
decomposition  of  Br0N02  (16)  and  NC>2+  [Br  ( ONC>2  )2  )”  formation 
(17)  can  be  minimized  and  (9)  becomes  a  useful  Br0N02  synthesis. 

r r  >m  a  historical  point  of  view  it  is  interesting  to  note  that 
•  •  riginal  mis ident if icat ion^  of  "Br(N03)3"  was  not  recognized 


inspite  of  all  the  experimental  evidence  by  Schuster,  Holthausen 
and  Stosz.  None  of  them  questioned  the  correctness  of  the  claim 
for  "BrfNO^J^"  and,  ironically,  the  last  one  of  these  investi¬ 
gators  even  concluded  that  N02+ [Br ( 0N02 )2 ]“  actually  was"Br(N03) 
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DIAGRAM  CAPTIONS 


Figure  1.  Infrared  spectra  of  Br0N02.  Trace  A,  N2  matrix 
( MR»300 )  isolated  sample  at  5*K;  trace  B,  infrared  spectrum 
of  the  gas  at  120  and  10mm  pressure  in  a  Scm  path  length  cell. 

Figure  2.  Vibrational  spectra  of  solid  BrONOj.  Trace  A,  infrared 
spectrum  of  the  neat  solid  on  a  Csl  window  at  5*K;  traces  B  and 
C,  Raman  spectra  of  the  neat  solid  in  a  glass  tube  at  -135 *C, 
recorded  at  two  different  sensitivity  settings. 

Figure  3.  Vibrational  spectra  of  solid  Cs+ [Br(0N02 )2 ]  .  Trace  A, 
infrared  spectrum  of  the  solid  as  an  AgCl  disk  at  20 *C;  the 
absorptions  shown  with  a  broken  line  are  due  to  CsNO^  formed 
by  slow  decomposition  of  the  compound  at  this  temperature; 
trace  B, 'Raman  spectrum  of  the  solid  at  -134*C. 

Figure  4 .  Vibrational  spectra  of  solid  N02+ [Br{ ON02 )2 ]  .  Trace  A, 
infrared  spectrum  of  the  solid  at  -186 *C  between  Csl  windows; 
trace  B,  Raman  spectrum  of  the  solid  at  -132*C. 
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Table  1.  Vibrational  Spectra  of  Gawoui.  Matrix-Isolated.  and  Solid  BrONO. 
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(*)  the  splittings  observed  for  these  three  bands  are  attributed  to  matrix  effects.  In  the  neon 
matrix,  for  example,  only  a  single  band  was  observed  for  v_ 


Tabl*  I.  funda— ntal  Vlbratlona  of  Covalant  Mltrataa 
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Table  4.  Summary  of  the  21  Fundamental  Vibrations 

Expected  for  [Br(ONO:  )..J~  in  Point  Group  C-. 

NOBrON  Skeletal  Modes 

vas  Br02  (B) 
vs  Br02  (A) 
v  0-N  in-phase  (A) 
v  0-N  out-of -phase  <B) 

6  BrON  in-plane,  in-phase  (A) 
d  BrON  in -plane,  out -of -phase  (B) 
d  OBrO  out -of -plane  (B) 
t  Br-0  in-phase  (A) 
t  Br-0  out -of -phase  (B) 

N02  Modes 

vas  N02,  in-phase  (A) 
vas  N02,  out -of -phase  (B) 
vs  N02,  in-phase  (A) 
vs  N02,  out -of -phase  (B) 
dsciss  N02,  in-phase  (A) 
dsciss  N02,  out-of-phase  (B) 

6  0N0.,  out -of -plane ,  in-phase  (A) 

dm 

d  0N02  out-of -plane ,  out -of -phase  (B) 
das  0N02  in-plane,  in-phase  (A) 
das  0N02  in-plane,  out -of -phase  (B) 

T  0-N,  in-phase  (A) 

T  0-N,  out-of-phase  (B) 
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Figure  1. 
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Abstract 

Solid  propellant  based  gas  generators  are  described  which  can 
rapidly  produce  pure  fluorine  at  superatmospheric  pressure. 

These  generators  are  based  on  the  in  situ  formation  of  a 
thermodynamically  unstable  transition  metal  fluoride  from  its 
stable  anion  by  a  simple  displacement  reaction  with  a  stronger 
Lewis  acid.  The  formed  unstable  transition  metal  fluoride 
undergoes  spontaneous  decomposition  to  a  stable  lower  oxidation 
state  fluoride  and  elemental  fluorine.  The  given  examples 
include  K^NiF^ ,  Cs2CuF6  or  Cs2MnF6  as  the  transition  metal 
salts  and  BiF,. ,  TiF4  or  mixtures  thereof  as  the  Lewis  acids. 

Introduction 

The  storage  and  handling  of  either  cryogenic  liquid  or  high- 
pressure  gaseous  fluorine  frequently  presents  safety  and 
logistics  problems.  These  problems  can  be  overcome  by  the 
use  of  solid  propellant,  fluorine  gas  generators.  During  the 
past  fifteen  years  numerous  fluorine  gas  generators  were 
developed  which  are  based  on  NF^  +  salts. ^  In  these  systems, 
a  highly  overoxidized  grain,  consisting  mainly  of  an  NF4+ 
salt  and  several  percent  of  a  fuel,  such  as  powdered  aluminum, 
is  burned.  The  heat,  Q,  generated  in  the  burning  process 
dissociates  the  bulk  of  the  NF4  +  salt,  as  shown  in  (1). 

NF4MF6 — *Q  NF3  +  F2  +  MF5  (1) 
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If  the  heat  Q  is  high  enough,  some  of  the  NF^  is  also  dissociated 
as  shown  in  ( 2 ) . 

2NF3— ±2 - n2  +  3F2  (2) 

Although  impressive  fluorine  yields  were  achieved  with  these 
generators,  they  suffer  from  the  disadvantage  of  producing 
NF^  and  some  N2  as  by-products.  Whereas  in  many  cases  these 
by-products  can  be  tolerated,  there  are  certain  applications 
which  require  pure  F2-  Consequently,  the  development  of  solid 
propellant  systems  capable  of  generating  pure  fluorine  gas  was 
highly  desirable. 

Experimental 

Materials.  BiF^  and  K2NiF&  (both  from  Ozark  Mahoning  Co.)  were 
of  high  purity  and  used  without  further  purification.  TiF4 
(Allied  Chemical)  was  treated  in  a  Monel  cylinder  for  2  days 
at  250 °C  with  F2  at  70  atm  to  eliminate  some  impurities  formed 
by  hydrolysis  during  prolonged  storage  of  the  material.  The 

2 

syntheses  of  Cs2CuFg  and  Cs2 MnF^  have  previously  been  described. 
Prior  to  its  use,  CoF-j  (Ozark  Mahoning  Co.)  was  pref luorinated 
for  3  days  with  8  atm  of  F2  at  300*C. 

Apparatus  and  Procedure 


All  solid  propellant  F2  gas  generation  reactions  were  carried  out 
in  a  well  passivated  (with  2  atm  of  F2  at  200*C)  stainless  steel 
apparatus  consisting  of  a  30  ml  Hoke  cylinder  equipped  with  a 
cross  fitting  and  a  feed-through  for  a  sheathed  thermocouple 
which  almost  touched  the  bottom  of  the  cylinder.  A  pressure 
transducer  (Validyne  DP-15)  and  a  Hoke  valve  leading  to  a 
stainless  steel  vacuum  line  were  connected  to  the  two  remaining 
sides  of  the  cross.  Weighed  amounts  of  the  transition  metal 
fluoride  salt  and  the  Lewis  acid  were  thoroughly  mixed  in  the 


dry  nitrogen  atmosphere  of  a  glove  box  and  loaded  into  the 
apparatus.  The  apparatus  was  then  connected  to  the  vacuum 
line,  evacuated,  and  leak  checked.  The  bottom  of  the  cylinder 
was  rapidly  heated  by  the  hot  air  stream  from  a  heat  gun,  and 
the  pressure  evolution  and  inside  temperature  of  the  reactor 
were  followed  on  a  strip  chart  recorder.  The  evolved  fluorine 
was  measured  by  standard  PVT  methods  and  analyzed  for  its  purity 
by  reacting  it  with  mercury.  The  material  balance  was  further 
cross-checked  by  weighing  the  reactor  before  tne  reaction  and 
after  removal  of  the  evolved  fluorine. 

The  CoF.,  decomposition  experiments  were  carried  out  in  either  a 

I  J 

i  Monel  reactor  with  an  Al^O^  boat  as  a  sample  container  or  a 

1  sapphire  tube  (Tyco).  Pressure  and  temperature  were  monitored 

as  described  above.  The  reactors  were  heated  by  a  fluidized 
sand  bath. 

!  Results  and  Discussion 

i 

Generation  of  F.,  by  Reversible  Reactions.  Since  certain  transition 

I  metal  fluorides,  such  as  CoF,,  are  known  to  decompose  at  elevated 

J  3 

temperatures  to  a  lower  fluoride  and  fluorine,  the  equilibrium 
(3) 

2CoF3^ -  ?rnF2  +  F2  (3) 

was  examined  for  its  potential  as  a  fluorine  gas  generator.  The 
CoF3  system  was  found  to  exhibit  the  following  drawbacks:  (i) 
relatively  high  temperatures  (in  excess  of  500#C)  were  required 
for  the  generation  of  even  moderate  fluorine  pressures  (about 
268  torr  at  514#C)  j  (ii)  long  reaction  times  were  required  to 
[  reach  equilibrium;  (iii)  on  cooling  of  the  system,  the  back 

J  reaction  to  CoF^  consumed  most  of  the  fluorine  formed;  (iv) 

!  reaction  of  the  fluorine  with  the  hot  reactor  walls  was  difficult 

» 

i 

i 
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to  suppress;  and  (v)  the  yields  of  fluorine  were  disappointingly 
low.  These  drawbacks  appear  to  be  generally  true  for  equilibrium 
reactions  of  this  type  and  therefore  render  these  reversible 
systems  unattractive  for  fluorine  gas  generator  applications. 

Generation  of  by  Irreversible  Reactions.  Most  of  the  above 
drawbacks  of  the  reversible  reactions  can  be  avoided  by  the  use 
of  irreversible  reactions.  This  principle  has  been  applied  by 
us  in  previous  work.1  For  example,  the  thermal  decomposition 
of  NF4BF^  (4)  in  an  NF3~F2  9as  generator  is  irreversible, 

NF4BF4 - ^nf3  +  f2  +  bf3  (4) 

i.e.  NF3,  F2  and  BF3,  even  at  elevated  temperature  and  pressure, 
do  not  reform  NF4BF4 . ^  This  concept  of  irreversibility  was 

further  exploited  2# 5  by  replacing  the  BF.-  anion  in  the  NF.+ 

2-  2-  4  4 
salt  by  anions  such  as  NiFg  or  MnFg  which  themselves  are 

stable  but  are  derived  from  thermodynamically  unstable  parent 

molecules.  In  the  thermal  decomposition  of  these  (NF4+)2MF62- 

type  salts,  thermodynamically  unstable  MF4  molecules  are  formed 

( 5 )  which  then  decompose  in  a  second  irreversible  step  to  a 

stable  lower  fluoride  and  F2  (6). 

(NF4  +  )2MF62- - »-2NF3  +  2F2  +  [MF4)  (5) 

[MF4]  - —  MF(4-x>  ♦  §  F2  (6) 

The  concept  of  generating  a  thermodynamically  unstable  fluorj.de 
from  its  stable  anion,  followed  by  its  irreversible  decomposition 
with  spontaneous  fluorine  evolution,  has  recently  been  utilized 
for  the  purely  chemical  generation  of  elemental  fluorine.6  Using 
starting  materials,  i.e.  K2MnFg  and  SbF^,  which  can  be  prepared 
from  HF,  elemental  fluorine  was  generated  by  the  simple  displace¬ 
ment  reaction  (7),  followed  by  the  irreversible  decomposition  of 
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the  unstable  MnF^  ( 8 ) . 


K_MnFc  +  2SbF_ • 
2o  3 


2[MnF4] 


-2KSbF6  +  [MnF4] 


-2MnF3  +  F2 


If  in  this  scheme,  the  liquid  Lewis  acid  SbF^  is  replaced  by  a 
solid  Lewis  acid  of  sufficient  strength  and  suitable  melting 
or  sublimation  point,  a  pure  fluorine,  solid  propellant  based 
gas  generator  is  obtained,  as  demonstrated  by  equations  (9) 
and  (10), 


A2MF6  +  2BiF5* 


A_MF,  +  TiF  ■ 
2  6  4 


•2ABiF6  *  MF(4-x|  *  |  F2 


ViF6  *  MF( 4-x )  *  f  F2 


where  A  can  be  an  alkali  metal  and  M  can  be  Ni,  Cu  or  Mn.  The 
results  of  five  typical  experiments  are  summarized  in  Table  1. 
Although  no  systematic  effort  was  made  to  maximize  the  F2 
yields,  the  results  of  Table  1  show  that  the  F2  yields  are 
generally  very  good.  From  both  yield  and  molecular  weight 
considerations,  K2NiF&  appears  to  be  the  most  attractive 
starting  material.  Of  the  two  Lewis  acids  tested,  BiF,. 

(mp  151. 4*C,  bp  230*C)  appears  to  be  superior  to  TiF4  (subl. 
p  283.1*0,  although  on  a  weight  basis,  the  considerably 
lighter  bifunctional  acid  TiF4  might  be  attractive,  particularly 
as  an  additive  to  other  Lewis  acids  as  shown  by  run  5  of  Table  1. 

The  starting  materials  used  in  this  study  can  be  readily  premixed 
at  ambient  temperature  and  stored  safely.  When  heated  to  about 
60  to  70’C,  fluorine  evolution  starts.  The  fluorine  evolution 
was  measured  as  a  function  of  time  and  temperature  and  a  typical 
curve  for  the  K2NiFg-BiF5  system  is  shown  in  Figure  1.  The 
fluorine  evolution  is  rapid,  the  gas  can  be  generated  at  super- 
atmospheric  pressure,  and  there  is  no  evidence  for  any  reversible 


reactions.  Furthermore,  the  is  evolved  at  such  moderate 
temperatures  that  reaction  of  the  fluorine  with  the  container 
walls  is  of  no  concern.  The  purity  of  the  generated  fluorine 
was  shown  to  be  in  excess  of  99%  by  its  quantitative  reaction 
with  mercury. 

Conclusion .  Application  of  the  same  principle  which  was  recently 
used  for  the  chemical  synthesis  of  elemental  fluorine,6  to  solid 
Lewis  acids  results  in  useful,  solid  propellant  based,  pure 
fluorine  gas  generators.  The  validity  of  the  concept  has  been 
demonstrated  for  A2MF6  salts  (A  >  K  or  Cs  and  M  -  Ni,  Cu  or  Mn) 
and  BiFg  or  TiF4  as  the  Lewis  acids.  Further  improvements  in 
the  attainable  fluorine  yields  are  anticipated  by  variation  of 
the  starting  materials  and  Lewis  acids  and  an  optimization  of 
the  stoichiometries  and  reaction  conditions. 
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SUMMARY 

CrF40  is  capable  of  forming  a  stable  adduct  with  SbF,.  . 
Based  on  its  low-temperature  Raman  spectrum,  this  adduct  has 
a  predominantly  covalent,  fluorine  bridged  structure,  similar 
to  that  of  MoF , 0 - SbFc . 


INTRODUCTION 

In  a  recent  paper  the  amphoteric  nature  of  CrF40  has  been 
investigated.  It  was  shown  that  CrF40  is  a  very  strong  Lewis 
acid,  but  only  a  rather  weak  Lewis  base  and  does  not  form  a 
stable  adduct  with  AsF^  at  temperatures  as  low  as  -78°C  [1]. 

In  view  of  the  fact  that  the  closely  related  MoF40,  WF40  and 
ReF.O  molecules  can  form  stable  1:1  adducts  with  SbFc  [2],  it 
was  interesting  to  study  the  interaction  between  CrF40  and 


EXPERIMENTAL 

Materials .  Literature  methods  were  used  for  the  synthesis 
of  CrF40  (1]  and  the  drying  of  the  HF  solvent  [3].  SbF^ 

(Ozark  Mahoning)  was  distilled  prior  to  its  use. 
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Apparat us .  Volatile  materials  were  manipulated  in 
stainless-steel  vacuum  lines  equipped  with  Teflon-FEP  U-traps, 
316  stainless  steel  bellows-seal  or  Teflon-PFA  (Fluoroware, 
Inc.)  valves,  and  a  Heise  Bourdon  tube-type  pressure  gauge  [4]. 
The  vacuum  lines  and  other  hardware  employed  were  passivated 
with  C 1 F  and  HF.  Nonvolatile  or  low  volatility  materials  were 
handled  in  the  dry  nitrogen  atmosphere  of  a  glove-box.  Raman 
spectra  were  recorded  on  a  Spex  Model  1403  spectrophotometer 
using  the  647.1-nm  exciting  line  of  a  Kr  ion  laser.  The  sample 
was  contained  in  a  sealed  1  mm  o.d.  quartz  capillary,  and  the 
spectra  were  recorded  at  -140*C  using  a  previously  described 
device  [ 5 ] . 


Reaction  of  CrF^O  with  SbFf  .  A  passivated  0.5"  o.d. 
Teflon-FEP  U-tube,  closed  by  two  valves,  was  loaded  in  the 
dry-box  with  SbF^  (0.89  mmol).  The  U-tube  was  connected  to 
the  vacuum  line  and  HF  ( 1 . 0 8 g )  and  CrF^O  (0.31  mmol)  were 
condensed  in  at  -196*C.  The  contents  of  the  tube  were  warmed 
to  room  temperature  resulting  in  a  light  red  solution.  All 
material  volatile  at  room  temperature  was  pumped  off  and  passed 
through  a  -78*  and  a  -196*C  trap.  Nothing  was  trapped  at  -78°C, 
but  the  - 196  *  C  trap  contained  the  HF  solvent.  The  residue  was 
a  dark  red-brown  liquid  which  upon  heating  to  55 'C  for  15  hr 
in  a  dynamic  vacuum  condensed  on  the  colder  parts  of  the  tube. 

The  volatile  material  trapped  at  -78*C  was  white  and  consisted 
of  SbF^ .  The  condensate  (143  mg)  consisted  of  dark  red  droplets 
and  crystals.  The  appearance  of  some  liquid  material  can  be 
accounted  for  by  the  fact  that,  based  on  the  material  balance, 
the  condensate  still  contained  31  mg  (0.14  mmol)  of  SbF<.  in 
excess  over  that  required  for  the  1:1  adduct  CrF^O-SbF^.  The 
crystals  were  characterized  by  low-temperature  Raman  spectroscopy, 
but  were  not  suitable  for  a  crystal  structure  determination 


RESULTS  AND  DISCUSSION 
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Figure  1.  The  Raman  Spectrum  of  CrF40*SbF5  at  -140' 


in  the  observed  spectra  can  be  attributed  to  (i)  the  low 
temperature  at  which  the  CrF^O-SbFg  spectrum  was  recorded 
which  may  cause  some  additional  splittings,  (ii)  the  mass 
and  force  constant  differences  between  Cr,  Mo,  and  W,  and 
(iii)  the  increasing  ionicity  of  the  metal-F  bonds  from  Cr 
to  W  which  causes  the  relative  Raman  intensity  of  the  metal 
oxygen  vibrations  to  increase  with  respect  to  those  of  the 
metal-fluorine  vibrations.  Thus,  the  above  results  show  that 
CrF40  is  also  capable  of  forming  a  stable  adduct  with  SbF5 
and  that  the  resulting  adduct  has  a  mainly  covalent,  fluorine 
bridged  structure  similar  to  that  of  MoF40-SbF5  [2]. 
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SUMMARY 

The  infrared  and  Raman  spectra  of  solid  HOF  and  HNF^  are 
best  interpreted  in  terms  of  hydrogen  bridged  aggregates 
involving  the  oxygen  or  nitrogen  atoms,  respectively,  and  not 
fluorine  as  proton  acceptors.  This  result  is  contrary  to 
intuition  and  the  conclusions  previously  reached  for  solid 
HOF  [1,2]. 

INTRODUCTION 


The  vibrational  spectra  of  solid  HOF  have  recently 
been  studied  [1,2].  A  detailed  analysis  of  the  data  was 
presented  [2]  in  which  it  was  tacitly  assumed  that  the  inter- 
molecular  hydrogen  bridges  involve  the  fluorine  and  not  the 
oxygen  atom.  A  more  recent  study  of  the  vibrational  spectra 
of  solid  HNF2  in  this  laboratory  provided  experimental  evidence 
for  intermolecular  hydrogen  bridging  through  the  nitrogen  atoms 
[3].  Since  both,  NF_  and  OF,  are  paraelements  of  F  [4]  and 


therefore  should  exhibit  similar  properties  [4],  the  basis 
for  the  previous  conclusion  concerning  the  (HOF)n  structure 
was  critically  reviewed  in  the  light  of  our  data. 

DISCUSSION 

General  Considerations 

Very  polar  molecules  of  the  type  HX,  where  X  is  a  highly 
electronegative  group  or  atom,  exhibit  a  pronounced  tendency 
to  associate  in  the  solid  phase  through  hydrogen  bridges.  If 
X  is  either  a  single  atom,  such  as  fluorine,  or  is  a  group, 
such  as  -OH  or  -NH2,  which  contains  only  one  highly  electro¬ 
negative  atom,  there  is  no  ambiguity  as  to  which  atom  is  the 
proton  acceptor.  Thus,  the  self-association  of  water  obviously 
involves  hydrogen  bridges  between  oxygen  atoms.  If  however 
the  X  group,  as  for  example  in  -OF  or  -NF2,  contains  two  or 
more  different  atoms  of  high  electronegativity,  ambiguity 
arises  as  to  which  of  these  atoms  is  the  better  proton  acceptor. 
Although  a  wealth  of  information  exists  on  hydrogen  bonded 
systems  [5],  the  more  specific  problem  of  competing  proton 
acceptors  has  found  only  little  attention. 

A  priori,  it  is  difficult  to  predict  for  self-associated 
HOF  whether  oxygen  or  fluorine  is  the  better  proton  acceptor. 

In  systems,  such  as  (HOF)n,  which  involve  moderately  strong 
hydrogen  bonds  between  uncharged  polar  molecules,  numerous 
factors  contribute  to  the  strength  of  the  hydrogen  bond.  Among 
these  factors,  five  main  contributions  which  are  of  similar 
magnitude,  have  been  proposed:  (a)  electrostatic  or  coulomb 
energy,  (b)  exchange  repulsion,  (c)  polarization  energy,  (d) 
charge  transfer  energy  or  covalent  contribution,  and  (e)  dis¬ 
persion  energy.  Although  these  contributions  are  superpositioned 


in  a  complicated  manner,  there  is  general  agreement  that  con¬ 
siderable  molecular  orbital  overlap  occurs  between  the  involved 
atoms  leading  to  preferred  geometries,  such  as  the  linearity  of 
the  hydrogen  bridge  [6].  In  addition  to  the  molecular  orbital 
overlap,  the  charge  distribution  in  the  molecule  is  also  very 
important  because  of  its  strong  influence  on  the  coulomb  energy. 
In  view  of  these  complications  and  the  difficulties  encountered 
with  carrying  out  reliable  molecular  orbital  computations  for 
relatively  large  systems,  it  is  not  surprising  that  either 
empirical  or  intuitive  approaches  have  frequently  been  used  to 
choose  the  most  likely  proton  acceptor  site. 

With  respect  to  the  (HOF)n  problem,  there  are  two  pieces  of 

information  available  which  suggest  that  oxygen  might  be  the 

better  proton  acceptor.  First,  the  charge  distribution  in  HOF 

has  been  determined  by  ab  initio  calculations  as  roughly 
+0.50  -0.31  -0.19 

H  O  -  F  [7,8],  indicating  that  a  hydrogen  bridge  to 

oxygen  should  result  in  the  largest  coulomb  energy.  Second, 
an  MO  study  of  the  proton  affinities  of  oxygen  and  fluorine  in 
HOF  favored  oxygen  by  10  kcal/mol  [9].  These  data  and  our 
experimental  results  for  (HNF2)n  which  suggest  nitrogen  proton¬ 
ation  [3],  prompted  the  examination  of  whether  the  previously 
published  vibrational  spectra  of  (HOF)n  [1,2]  can  be  reinter¬ 
preted  in  terms  of  oxygen  protonation. 


The  previous  studies  [1,2]  on  solid  HOF  showed  the 
following  salient  features.  The  O-F  stretching  vibration 
appeared  as  a  sharp,  unsplit  band,  which  was  virtually 
unshifted  from  its  gas  phase  value.  The  O-H  stretching  band, 
on  the  other  hand,  was  quite  broad  and  appeared  as  a  doublet, 
red  shifted  from  the  gas-phase  by  about  200  cm  ^ .  The  HOF 
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bending  mode  was  unsplit  and  blue  shifted  by  42  cm  ^ .  In 
addition  to  these  three  internal  vibrational  modes,  inter- 
molecular  modes  were  observed  in  the  infrared  spectrum  at  628 
and  448  cm  ^  which  exhibited  large  shifts  on  deuteration.  In 
the  Raman  spectra  six  low-frequency  bands  were  seen  which  showed 
no  significant  deuterium  isotope  shifts. 

The  vibrational  spectra  of  solid  HNF^  showed  the  following 
salient  features.  The  two  NF^  stretching  and  the  NF2  scissoring 
modes  were  sharp,  unsplit  and  essentially  unshixted  from  the  gas 
phase  values.  The  N-H  stretching  mode  was  a  sharp  doublet,  red 
shifted  from  the  gas-phase  by  about  43  cm  The  two  HNF?  bending 

modes  were  split  and  blue  shifted  by  about  30  cm  .  In  addition 
to  these  six  internal  vibrational  modes,  five  low-frequency  Raman 
bands  were  observed  which  exhibited  only  small  shifts  on  deuter¬ 
ation. 


Interpretation  of  the  Spectra 

A  comparison  of  the  two  sets  of  spectra  reveals  that  HOF 
and  HNF2  exhibit  the  same  characteristic  changes  on  going  from 
the  gas  phase  to  the  solid  phase.  The  pronounced  frequency 
shifts  of  the  modes  involving  motions  of  the  hydrogens  establish 
the  presence  of  hydrogen  bridging  for  both  molecules.  For  HNF2 
the  lack  of  frequency  shifts,  splittings  or  line  broadening  for 
the  NF2  modes  indicates  that  the  hydrogen  bonds  must  involve  the 
nitrogen  and  not  one  of  the  two  fluorines.  If  the  hydrogen 
would  be  bridging  to  one  of  the  two  fluorine  atoms,  the  latter 
would  become  non-equivalent  causing  significant  shifts  and 
splittings.  The  failure  to  observe  evidence  for  two  nonequivalent 
fluorine  atoms  might  be  explained  in  terms  of  a  bifurcated 

P 

structure,  such  as  s  \  ;  however,  such  a  structure  is 
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highly  unlikely  from  molecular  orbital  arguments  which  favor 
linear  hydrogen  bridges  [6).  Assuming  smooth  trends  for  the 
paraelements  -OF  and  -NF^  and  accepting  the  spectroscopic 
evidence  for  N-**H-N  bridging  in  HNF2 .  we  can  then  conclude 
that,  contrary  to  the  previous  interpretation  [2],  (HOF)n 
should  be  oxygen  and  not  fluorine  bridged.  The  observed 
vibrational  spectra  with  an  undisturbed  0-F  mode  lend  strong 
support  to  this  interpretation,  as  do  the  above  given,  theo¬ 
retical  arguments,  i.e.  proton  affinity  [9]  and  charge  distri¬ 
bution  [7,8]. 


In  the  absence  of  crystal  structure  data  for  solid  HNF^ 
and  HOF,  there  is  no  point  in  assigning  the  low-frequency 
modes  observed  for  the  two  compounds.  Based  on  analogy  to 
similar  systems  [6],  structures  containing  zig-zag  chains  or 
large  rings  would  seem  most  probable: 


Conclusions 

The  fact  that  the  oxygen  in  HOF  and  the  nitrogen  in  HNF2 
are  better  proton  acceptors  than  fluorine  seems  reasonable  for 
the  following  reasons:  (a)  in  both  molecules  the  hydrogen  atoms 
are  attached  to  0  and  N,  respectively,  thus  releasing  electron 
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density  to  them  which  is  only  partially  transferred  to  the 
fluorine  ligands.  Thus,  most  of  the  negative  charge  resides 
on  0  and  N  (note  the  charge  distribution  in  HOF  [7,8]) 
rendering  the  -OH  and  -NH  groups  more  basic  than  the  fluorine 
ligands,  and  (b)  the  molecular  orbitals  of  the  free  valence 
electrons  on  fluorine  are  more  contracted  than  those  on  N  or  0 
due  to  its  increased  nuclear  charge,  and  therefore  provides 
less  overlap  energy  with  the  hydrogen  orbital.  It  thus  appears 
that  the  negative  charge  density  and  the  size  of  the  free 
valence  pair  orbitals  of  an  atom  are  more  important  than  factors, 
such  as  its  number  of  free  valence  electron  pairs  or  its  electro¬ 
negativity,  which  might  be  chosen  intuitively  as  a  measure  for 
its  proton  acceptor  strength. 
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NFj-Fi  CAS  GENERATOR  COMPOSITIONS 

DEDICATORY  CLAUSE 

The  invention  described  herein  wu  made  in  the  5 
course  of  or  under  a  contract  or  subcontract  thereunder 
with  the  Government  and  may  be  manufactured,  used, 
and  licensed  by  or  for  the  Government  for  governmen¬ 
tal  purposes  without  the  payment  to  us  of  any  royalties 
thereon.  10 

BACKGROUND  OF  THE  INVENTION 

1.  Field  of  the  Invention 

This  invention  relates  to  improved  compositions  for 
solid  propellant  NFj-F2  gas  generators,  useful,  for  ex-  15 
ample,  in  chemical  HF-DF  lasers. 

2.  Description  of  Prior  Art 

NFs-t-  salts  are  the  key  ingredients  for  solid  propel¬ 
lant  NF3-F2  gas  generators,  as  shown  by  D.  Pilipovich 
in  U.S-  Pat.  No.  3,963,542.  These  propellants  consist  of  20 
a  highly  over-oxidized  grain  using  NF»+  salts  as  the 
oxidizer.  Burning  these  propellants  with  a  small  amount 
of  fuel,  such  as  aluminum  powder,  generates  sufficient 
heat  to  thermally  dissociate  the  bulk  of  the  oxidizer. 
This  is  shown  for  NF4BF4  in  the  following  equation:  23 

NF4BF4— NFj+Fj+BFj 

As  can  be  seen  from  the  equation  the  gaseous  Combus¬ 
tion  products  contain  the  volatile  Lewis  acid  BFj  This  30 
disadvantage  of  a  volatile  Lewis  acid  byproduct  is 
shared  by  most  known  NF4+  compositions.  These 
'volatile  Lewis  acids  possess  a  relatively  high-molecular 
weight  xnJ  a  low  7  value  (y— C^/C„),  relative  to  the 
preferred  diluent  helium  and  frequently  act  as  a  deacti-  33 
vator  for  the  chemical  HF-DF  laser  Consequently, 
these  volatile  Lewis  acids  must  be  removed  from  the 
generated  gas  prior  to  its  use  in  an  efficient  chemical 
laser.  Based  on  the  state  of  the  art,  heretofore,  this 
would  be  achieved  by  adding  a  clinker  forming  agent,  40 
such  as  KF,  to  the  solid  propellant  formulation.  The 
function  of  this  additive  served  to  convert  the  volatile 
Lewis  acid,  such  as  BFj,  to  a  non-volatile  salt  as  shown 
by  the  following  equation: 


KF  addition  lowered  the  theoretically  obtainable  NFj- 
F2  yield  to  a  value  of  39.5  weight  %  which  is  compara¬ 
ble  to  that  of  38.5  weight  %  of  the  KF  clinkered 
NF4BF4  system  and  thus  eliminated  most  of  the  im¬ 
provement  offered  by  the  use  of  (NFahTiF*. 

BRIEF  SUMMARY  AND  OBJECTS  OF  THE 
INVENTION 

The  above  described  problem  of  obtaining  an 
(NF4>iTiF6  based  formulation  of  significantly  higher 
performance  than  that  offered  by  the  state  of  the  art 
NF4BF4.I.2KF  system  is  overcome  by  the  present  in¬ 
vention.  We  have  found  that,  contrary  to  NF4EF4, 
(NFehTiF*  forms  thermally  stable  clinkers  with  the 
lighter  alkali  metal  fluorides  NaF  and  LiF  and  that  less 
than  stoichiometric  amounts  of  these  alkali  metal  fluo¬ 
rides  are  required  for  the  formation  of  a  stable  clinker 
due  to  the  ability  of  T1F4  to  form  polytitanate  anions. 
The  improvements  resulting  from  this  concept  are  sum¬ 
marized  in  Table  1. 

TABLE  I 


Theoretic*]  YtekH  of  Utftbk  Ftuonix 

System 

F  Y Kid  (Weight 

NF4BF4  1.2KF 

3S.7 

(NF4>2TiF4.2  4RF 

34.3 

(NF,)2TiF4j4Al«r 

42  9 

(NFihTiFtj  AUf 

470 

(NF«)jTiF»  | 

414 

(NFahTiFii  iuf 

30.9 

Accordingly,  it  is  an  object  of  the  present  invention 
to  provide  high  performing  solid  propellant  NF1-F2  gas 
generator  formulations  based  on  (NFahTiF*  and  low 
molecular  weight  alkali  metal  fluorides. 

This  and  other  objects  and  features  of  the  present 
invention  will  be  apparent  from  the  following  examples. 
It  is  understood,  however,  that  these  examples  are 
merely  illustrative  of  the  invention  and  should  not  be 
considered  as  limiting  the  invention  in  any  sense. 

DETAILED  DESCRIPTION  OF  THE 
INVENTION 


EXAMPLE  1 


KF+  BFj— KBF< 

Since  the  addition  of  KF  significantly  increases  the 
weight  of  the  formulation  while  the  amount  of  evolved 
NFj  and  Fi  remains  the  same,  the  yield  of  NFj  and  F2  jo 
per  pound  of  formulation  is  decreased.  For  NF«BF4 
based  formulations,  the  replacement  of  KF  by  the  ligh¬ 
ter  alkali  metal  fluorides  NaF  or  LiF  would  theoreti¬ 
cally  improve  the  obtainable  NF3-F2  yield,  but  was 
found  to  be  impractical  due  to  the  insufficient  thermal  33 
stability  of  NaBFs  and  LiBFs,  resulting  in  incomplete 
dickering  of  the  BF). 

The  use  of  self-dinkering  formulations  based  on 
(NFshTiF*  has  previously  been  proposed  by  Christe  et 
al  (U.S.  Pat.  No.  4,152,406)  as  means  of  increasing  the  go 
theoretically  obtainable  NF3-F2  yield  relative  to  that  of 
the  state  of  the  art  NF4BF4.I.2KF  formulation  How¬ 
ever,  test  firings  of  (NFshTiFs  based  formulations 
showed  that  the  relatively  high  volatility  ofTiFr  (boil¬ 
ing  point  of  284‘  C.)  resulted  in  the  deposition  of  TiFs  45 
throughtout  the  whole  gas  generator  system  To  elimi¬ 
nate  T1F4  from  the  generated  gas,  KF  had  to  be  added 
to  the  (NFr^TiF*  based  formulations.  This  necessary 


A  formulation  containing  81.44  weight  9c 
(NF4hTiFs,  14.71  weight  %  LiF  and  3.83  weight  %  Al 
was  fired  in  a  typical  gas  generster.  Smooth  burning 
was  observed  Disassembly  of  the  generator  after  com¬ 
pletion  of  the  lest  showed  that  the  desired  clinker  had 
formed  in  the  combustion  chamber  with  essentially  no 
T1F4  deposited  in  the  coolant  pack  section  of  the  gener¬ 
ator.  The  clinker  was  shown  by  chemical  analysis  and 
vibrational  spectroscopy  to  consist  mainly  of  M2TiFt 
where  M  is  Li. 


EXAMPLE  2 

A  formulation  containing  85.2  weight  %  (NFshTiFs, 
3.8  weight  %  LiF,  8.5  weight  9b  KF  and  2.5  weight  9b 
AJ  was  fired  in  a  typical  gas  generator  Again  essentially 
complete  clinkering  of  the  TiFs  was  observed  and  the 
clinker  was  shown  by  elemental  and  spectroscopic  anal¬ 
ysis  to  consist  mainly  of  M2Ti2F|o  where  M  is  Li  and/or 
K 


EXAMPLE  3 

A  formulation  containing  86  0  weight  9b  (NFshTiFs, 
7.3  weight  9b  NaF,  6  7  weight  9b  KF  and  2  5  weight  9b 
Al  was  fired  in  a  typical  gas  generator  Again  essentially 
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NFj-Fi  GAS  GENERATOR  COMPOSITIONS 

DEDICATORY  CLAUSE 

The  invention  described  herein  was  made  in  the  5 
course  of  or  under  a  contract  or  subcontract  thereunder 
with  the  Government  and  may  be  manufactured,  used, 
and  licensed  by  or  for  the  Government  for  governmen¬ 
tal  purposes  without  the  payment  to  us  of  any  royalties 
thereon.  10 

BACKGROUND  OF  THE  INVENTION 

1.  Field  of  the  Invention 

This  invention  relates  to  improved  compositions  for 
solid  propellant  NFj-Fi  gas  generators,  useful,  for  ex-  15 
ample,  in  chemical  HF-DF  lasers. 

2.  Description  of  Prior  Art 

NF4  +  salts  are  the  key  ingredients  for  solid  propel¬ 
lant  NFj-Fj  gas  generators,  as  shown  by  D.  Pilipovich 
in  U.S.  Pat.  No.  3,963,542.  These  propellants  consist  of  *0 
a  highly  over-oxidized  grain  using  NF4  +  salts  as  the 
oxidizer.  Burning  these  propellants  with  a  small  amount 
of  fuel,  such  as  aluminum  powder,  generates  sufficient 
heat  to  thermally  dissociate  the  bulk  of  the  oxidizer 
This  is  shown  for  NF4BF4  in  the  following  equation:  25 

NF4BF4— NFl-t-Fj  +  BFj 

As  can  be  seen  from  the  equation  the  gaseous  combus¬ 
tion  products  contain  the  volatile  Lewis  acid  BFj.  This  30 
disadvantage  of  a  volatile  Lewis  acid  byproduct  is 
shared  by  most  known  NF4+  compositions.  These 
-volatile  Lewis  acids  possess  a  relatively  high-molecular 
weight  and  a  low  y  value  (y»C^/C„),  relative  to  the 
preferred  diluent  helium  and  frequently  act  as  a  deacti-  35 
valor  for  the  chemical  HF-DF  laser.  Consequently, 
these  volatile  Lewis  acids  must  be  removed  from  the 
generated  gas  prior  to  its  use  in  an  efficient  chemical 
laser.  Based  on  the  state  of  the  art,  heretofore,  this 
would  be  achieved  by  adding  a  clinker  forming  agent,  40 
such  as  KF,  to  the  solid  propellant  formulation.  The 
function  of  this  additive  served  to  convert  the  volatile 
Lewis  acid,  such  as  BF},  to  a  non-volatile  salt  as  shown 
by  the  following  equation: 

43 

KF  +  BFj— It  BF4 

Since  the  addition  of  KF  significantly  increases  the 
weight  of  the  formulation  while  the  amount  of  evolved 
NFj  and  Fz  remains  the  same,  the  yield  of  NF)  and  Fj  jo 
per  pound  of  formulation  is  decreased.  For  NF4BF4 
based  formulations,  the  replacement  of  KF  by  the  ligh¬ 
ter  alkali  metal  fluorides  NaF  or  LiF  would  theoreti¬ 
cally  improve  the  obtainable  NFj-Fj  yield,  but  was 
found  to  be  impractical  due  10  the  insufficient  thermal  55 
stability  of  NaBFa  and  LiBF*,  resulting  in  incomplete 
dinkering  of  the  BFj. 

The  use  of  self-clinkering  formulations  based  on 
(NFs)jTiF*  has  previously  been  proposed  by  Christe  et 
id  (U.S  Pat  No  4,152,406)  as  means  of  increasing  the  g) 
theoretically  obtainable  NFj-Fj  yield  relative  to  that  of 
the  state  of  the  art  NFsBFulTKF  formulation  How¬ 
ever,  test  firings  of  (NFshTiFt  based  formulations 
showed  that  the  relatively  high  volatility  of  TiF4  (boil¬ 
ing  point  of  284'  C.)  resulted  in  the  deposition  of  TiFs  45 
throughout  the  whole  gas  generator  system  To  elimi¬ 
nate  TiFs  from  the  generated  gas,  KF  had  to  be  added 
to  the  (NFshTiF*  based  formulations.  This  necessary 


2 

KF  addition  lowered  the  theoretically  obtainable  NFy- 
Fj  yield  to  a  value  of  39.5  weight  %  which  is  compara¬ 
ble  to  that  of  38.5  weight  %  of  the  KF  clinkered 
NF4BF4  system  and  thus  eliminated  most  of  the  im¬ 
provement  offered  by  the  use  of  (NFshTiFs. 

BRIEF  SUMMARY  AND  OBJECTS  OF  THE 
INVENTION 

The  above  described  problem  of  obtaining  an 
(NFsjjTiFs  based  formulation  of  significantly  higher 
performance  than  that  offered  by  the  state  of  the  art 
NF4BF4.I.2KF  system  is  overcome  by  the  present  in¬ 
vention.  We  have  found  that,  contrary  to  NF4BF4, 
(NFs)jTiF6  forms  thermally  stable  c linkers  with  the 
lighter  alkali  metal  fluorides  NaF  and  LiF  and  that  less 
than  stoichiometric  amounts  of  these  alkali  metal  fluo¬ 
rides  are  required  for  the  formation  of  a  stable  clinker 
due  to  the  ability  of  TiFs  to  form  polytitanate  anions. 
The  improvements  resulting  from  this  concept  are  sum¬ 
marized  in  Table  1. 

_ TABLE  I _ 

Theoretical  Yscldt  of  Uablc  Flnon«c 
Syetem  _ F  Yield  (Wpght  %) _ 


NF4BF4  I.2KF 

317 

(NF4)jTiF4.2.«KF 

39.3 

(NF^hTiFu 

42  9 

(NF4hTiF»j  AUf 

470 

(NFrhTiFt  1  jAtaF 

414 

(NFjhTiFi.i.itjir 

30.9 

Accordingly,  it  is  an  object  of  the  present  invention 
to  provide  high  performing  solid  propellant  NFj-Fj  gas 
generator  formulations  based  on  (NFshTiFt  and  low 
molecular  weight  alkali  metal  fluorides. 

This  and  other  objects  and  features  of  the  present 
invention  will  be  apparent  from  the  following  examples. 
It  is  understood,  however,  that  these  examples  are 
merely  illustrative  of  the  invention  and  should  not  be 
considered  as  limiting  the  invention  in  any  sense 

DETAILED  DESCRIPTION  OF  THE 
INVENTION 

EXAMPLE  1 

A  formulation  containing  81.44  weight  91 
(NFshTiF*,  14  71  weight  %  LiF  and  3.83  weight  %  AJ 
was  fired  in  1  typical  gas  generater.  Smooth  burning 
was  observed  Disassembly  of  the  generator  after  com¬ 
pletion  of  the  test  showed  that  the  desired  clinker  had 
formed  in  the  combustion  chamber  with  essentially  no 
T1F4  deposited  in  the  coolant  pack  section  of  the  gener¬ 
ator.  The  clinker  was  shown  by  chemical  analysis  and 
vibrational  spectroscopy  to  consist  mainly  of  M2T1F6 
where  M  is  Li. 


EXAMPLE  2 

A  formulation  containing  85.2  weight  %  (NFihTiF*, 
3.8  weight  %  LiF,  8.5  weight  %  KF  and  2.5  weight  9t 
AJ  was  fired  in  a  typical  gas  generator  Again  essentially 
complete  clinkering  of  the  TiFs  was  observed  and  the 
clinker  was  shown  by  elemental  and  spectroscopic  anal¬ 
ysis  to  consist  mainly  of  MjTijF  10  where  M  is  Li  and/or 
K 


EXAMPLE  3 

A  formulation  containing  86.0  weight  %  (NFshTiF*. 
7,3  weight  %  NaF.  6  7  weight  %  KF  and  2  5  weight  % 
A1  was  fired  in  a  typical  gas  generator  Again  essentially 
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complete  clinkering  of  the  TiFs  was  observed  end  the 
clinker  was  shown  by  elemental  and  spectroscopic  anal¬ 
ytes  to  consist  mainly  of  MjTuFio  where  M  is  Na  and¬ 
/or  K. 

Obviously,  numerous  variations  and  modifications 
may  be  made  without  departing  from  the  present  inven¬ 
tion.  Accordingly,  it  should  be  clearly  understood  that 
the  forms  of  the  present  invention  described  above  are 
illustrative  only  and  are  not  intended  to  limit  the  scope 
of  the  present  invention. 

We  claim: 

1.  Solid  propellant  NFj-Fj  gas  generator  composition 
comprising  (NF«)jTiF6  with  LiF  as  a  clinker  forming 
agent. 


4 

2.  Solid  propellant  NFj-Fj  gas  generator  composi¬ 
tions  according  to  claim  1  wherein  the  mole  ratio  of  LiF 
to  (NF«)2TiF»  is  from  1  to  2.4. 

3.  Solid  propellant  NFJ-F2  gas  generator  composition 
S  comprising  (NF^TiFs  with  NaF  as  a  clinker  forming 

agent. 

4.  Solid  propellant  NFi-Fj  gas  generator  composi¬ 
tions  according  to  claim  3  wherein  the  mole  ratio  of 
NsF  to  (NFshTiFs  is  from  1  to  2.4. 

10  5.  Solid  propellant  NFj-Fj  gas  generator  composi¬ 

tions  comprising  (NF«)2TiFs  with  mixtures  of  LiF  with 
heavier  alkali  metal  fluorides  MF.  where  M  is  selected 
from  Na  and  fC,  as  a  clinker  forming  agent. 

6.  Solid  propellant  NF3-F2  gas  generator  composi- 
13  tions  according  to  claim  5  wherein  the  mole  ratio  of  LiF 
and  MF  to  (NF«>2TiFsis  from  1  to  2.4. 
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[57]  ABSTRACT 

Salts  of  the  formula  NHa-t-MH,  —  are  produced  by  the 
following  reaction 

NF.HFmHF  *  MF.—NF.MF,  ♦  (n  *  1  )HF 

wherein  M  is  uranium  (U)  or  tungsten  (W) 

8  Claims.  No  Drawings 
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NF4+WF7-  AND  NF4+UF7-  AND  METHODS 
OF  PREPARATION 

BACKGROUND  OF  THE  INVENTION  5 

1.  Field  of  the  Invention 

This  invention  relates  to  energetic  inorganic  salts  and 
more  particularly  to  salts  containing  the  NF4  +  cation. 

2.  Description  of  the  Prior  Art  10 

NF«+  salts  are  key  ingredients  for  solid  propellant 

NFj— Fj  gas  generators,  as  shown  by  D.  Pilipocich  in 
U.S.  Pat.  No.  3,963,542,  and  for  high  detonation  pres- 
sure  explosives,  as  shown  by  K.  O.  Christe  in  U.S.  Pat 
No.  4,207,124.  The  synthesis  of  NF4+  salts  is  unusually  13 
difficult  because  the  parent  molecule  NFs  does  not  exist 
and  the  salts  must  be  prepared  from  NFj  which  amounts 
formally  to  a  transfer  of  F+  to  NFj  accordingly  to: 

NFj  +  F+-NF4+  20 

Since  fluorine  is  the  most  electronegative  of  all  ele¬ 
ments,  F+  cannot  be  generated  by  chemical  means.  This 
difficult  synthetic  problem  was  overcome  by  K.  O.  23 
Christe  and  co-workers,  as  shown  in  U.S.  Pat  No. 
3,503,719.  By  the  use  of  an  activation  energy  source  and 
a  strong  volatile  Lewis  acid,  such  as  AsFj,  the  conver¬ 
sion  of  NFj  and  Fj  to  an  NF4+  salt  became  possible: 

30 


SUMMARY  OF  THE  INVENTION 


NFj  +  Fj  +  AsFj 


NFa+AsF*- 


However,  only  few  Lewis  acids  are  known  which  pos¬ 
sess  sufficient  strength  and  acidity  to  be  effective  in  this  35 
reaction.  Therefore,  other  indirect  methods  were 
needed  which  allowed  conversion  of  the  readily  acces¬ 
sible  NF4+  salts  into  other  new  salts.  Two  such  meth¬ 
ods  are  presently  known.  The  first  one  involves  the  jq 
displacement  of  a  weaker  Lewis  acid  by  a  stronger 
Lewis  acid,  as  shown  by  K.  O.  Christe  and  C.  J.  Schack 
in  U.S.  Pat.  No.  4,172,881  for  the  system: 

nf4of4+pFj— nf4pf*+bfj  45 

but  obviously  is  again  limited  to  strong  Lewis  acids. 
The  second  method  is  based  on  metathesis,  i.e.,  taking 
advantages  of  the  different  solubilities  of  NF4+  salts  in 
solvents  such  as  HF  or  BrFj.  For  example,  NF4SbF6  50 
can  be  converted  to  NF4BF4  according  to: 


Accordingly  an  object  of  this  invention  is  to  provide 
methods  which  permit  the  syntheses  of  new  NF4+  salts 
containing  anions  derived  from  very  weak  Lewis  acids. 

Another  object  of  this  invention  is  to  provide  new 
energetic  NF4+  compositions  which  are  useful  in  explo¬ 
sives  and  solid  propellants. 

A  further  object  of  this  invention  is  to  provide  NF4+ 
compositions  for  solid  propellant  NFj  — F2  gas  genera¬ 
tors  for  chemical  HF-DF  lasers  which  deliver  a  maxi¬ 
mum  of  NFj  and  F2  while  not  producing  any  gases 
which  deactivate  the  chemical  laser. 

Yet  another  object  of  this  invention  is  to  provide 
NF4  fiuorotungstates  which  on  burning  with  tungsten 
powder  can  produce  hot  WF«  gas  in  high  yield. 

These  and  other  objects  of  this  invention  are 
achieved  by  providing: 

Salts  of  the  formula  NF4+MF7-  by  the  following 
reaction 

NF4HF2./iHF  +  MFtrtNF^Fi+t/i  +  l)HF 

wherein  M  is  uranium  (U)  or  tungsten  (W).  These  salts 
are  useful  as  ingredients  in  solid  propellants  and  in  high 
detonation  pressure  explosives. 

A  method  of  generating  hot  WF6  gas  by  burning  a 
mixture  of  NF4WF7  and  tungsten  metal. 

DETAILED  DESCRIPTION  OF  THE 
PREFERRED  EMBODIMENT 

Surprisingly,  it  has  now  been  found  that  the  salts 
NF4UF7  and  NF4WF7  can  be  prepared  from  the  very 
weak  and  volatile  Lewis  acids  UF6  and  WF*.  The  salts 
are  prepared  by  the  following  methods. 

First,  readily  available  NF«SbF6  salt  is  converted  by 
metathesis  into  NF4HF2  according  to  the  reaction 


NF4SbF4  +  OBF4  — 
soluble  soluble 


» CsSbFft  +  NF4BF4 
insoluble  soluble 


This  method  has  successfully  been  applied  by  K.  O. 
Christe  and  coworkers,  as  shown  in  U.S.  Pst.  Nos. 
4,108,965;  4,152,406;  and  4,172,884,  to  the  syntheses  of  ^ 
several  new  salts.  However,  this  method  is  limited  to 
salts  which  have  the  necessary  solubilities  and  are  stable 
in  the  required  solvent.  The  limitations  of  the  above  two 
methods  are  quite  obvious  and  preempted  the  syntheses 
of  NF4+  salts  of  anions  which  are  either  insoluble  in  65 
those  solvents  or  are  derived  from  a  Lewis  acid  weaker 
than  the  solvent  itself  and  therefore  are  displaced  from 
their  salts  by  the  solvent. 


NF4SbFs  +  CiHFj  ~_V£  >c*SbF*  ▼  +  NF^Fj 

The  details  of  this  procedure  are  disclosed  by  K.  O. 
Christe,  W.  W.  Wilson,  and  R.  D.  Wilson  in  Inorg. 
Chem.,  19,  pp.  1494 +(1980),  herein  incorporated  by 
reference.  A  method  of  preparing  NFsSbFs  is  disclosed 
by  K;  O.  Christe,  C.  J.  Schack,  and  R.  D.  Wilson.  J. 
Fluorine  Chem.,  8,  pp.  541 +(1976),  herein  incorpo¬ 
rated  by  reference. 

The  NF4HF2  produced  by  the  above  procedure  will 
be  complexed  with  HF  and  can  be  represented  by  the 
formula  NF4HF2.nHF.  Because  HF  is  a  stronger  Lewis 
acid  than  either  UF6  or  WF4,  as  much  HF  as  possible 
has  to  be  removed  from  the  NF4HF2  without  decom¬ 
posing  the  NF4HF2-  This  can  be  achieved  by  judicious 
pumping  at  about  0’  C.  This  is  continued  until  a  solid 
having  the  composition  NFsHFj.nHF  wherein  n  is 
from  about  0.5  to  about  10.0  is  obtained. 

NF4UF7  and  NF4WF7  are  produced  by  the  following 
reactions: 

NF4HF2(tHF  +  UF4»NF4UF7+(''+l)HF  (2) 

NF4JtF2./.HF  +  WF4»NF4WF7+(«i+J)HF.  (3) 

These  reactions  may  be  run  at  ambient  (25*  C.)  tempera¬ 
ture.  Repeated  treatments  of  NFxHFjnHF  with  a  large 
excess  of  UF6  or  WF<*  followed  by  the  removal  of  the 
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volatile  product!  at  ambient  temperature*,  surprisingly 
shifted  the  equilibrium  in  reaction  (2)  and  the  equilib¬ 
rium  in  reactioo  (3)  quant tativeJy  to  the  right  Thu  is 
probably  due  to  the  thermal  stability  of  NF«UFi  and  of 
NF4WF7  being  significantly  higher  than  that  of  3 
NF4HF2 

The  addition  of  UF»  or  WF*  and  subsequent  evacua¬ 
tion  of  volatile  reactioo  products  is  continued  until  the 
conversion  of  NF*HF*«HF  to  NF*UF?  or  NF4WF7  is 
substantially  completed.  This  will  be  the  point  at  which  io 
no  significant  amount  of  UF*or  WF*  is  taken  up  and  no 
significant  amount  of  volatile  reaction  products  (e.g., 

HF  gas)  is  generated.  Thus,  by  monitoring  the  gases 
evacuated  from  the  reaction  chamber,  the  progress  of 
the  reaction  may  be  monitored.  13 

Examples  1  and  2  further  illustrate  these  procedures. 

NF4UF7  and  NF4WF7  are  useful  as  key  ingredients 
for  solid  propellant  NFj  —  Fj  gas  generators  and  for 
high  detonation  pressure  explosives. 

NF4WF7  is  of  particular  interest  a*  an  ingredient  for  20 
hoc  WF*  gas  generators.  Hot  WF6  is  an  excellent  elec¬ 
tron  capturing  agent  and  therefore  useful  for  reducing 
radar  signatures.  For  example,  formulations  based  on 

»NF4WF,  +  3W—  IIWFs  +  JNj  «>  2} 

can  theoretically  produce  up  to  97  weight  percent  of 
WF*  with  flame  temperatures  in  excess  of  2000*  C.  A 
pyrotechnic  mixture  of  finely  powdered  NF4WF7  and 
tungsten  in  approxiately  a  6:5  molar  ratio  may  be  used. 

The  general  nature  of  the  invention  having  been  set 
forth,  the  following  examples  are  presented  as  specific 
illustrations  thereof.  It  will  be  understood  that  Che  in¬ 
vention  is  not  limited  to  these  examples  but  is  suscepti¬ 
ble  to  various  modifications  that  will  be  recognized  by 
one  of  ordinary  skill  in  the  srt. 

EXAMPLE  1 
Preparation  of  NF4WF7 

Dry  C*F  (15.0  mmol)  and  NF*SbF*(l 3  0  mmol)  were  40 
loaded  in  the  drybox  into  one  half  of  a  prepassivated 
Teflon  double  U-metathesis  apparatus.  Dry  HF  (15  ml 
liquid)  was  added  on  the  vacuum  line  and  the  mixture 
wax  stirred  with  a  Teflon  coated  magnetic  stirring  bar 
for  15  minutes  at  25*  C.  After  cooling  the  apparatus  to  43 
— 78*  C.,  it  was  inverted  and  the  NF4HF2  solution  was 
filtered  into  the  other  half  of  the  apparatus.  Tungsten 
hexafluoride  (22.5  mmol)  was  condensed  at  - 196’  C. 
onto  the  NF4HF2.  The  mixture  wax  warmed  to  ambient 


solid  residue  <5. 138  g,  8496  yield)  was  shown  by  vibra¬ 
tional  and  l9F  NMR  spectroscopy  to  constat  mainly  of 
NF4WF7  with  small  amounts  of  SbF»~  ta  the  only  de¬ 
tectable  impurity.  Baaed  on  its  elemental  analysis,  the 
product  had  the  following  composition  (weight  96): 

NF4WF7.  98.39-,  CsSbF*.  1.61  Anal  Calcd:  NFj, 
17.17;  W,  44.46;  Cs.  0.58:  Sb.  0.53.  Found.  NF>,  17.1): 
w,  44.49;  Cs,  0.54;  Sb.  0.33. 

EXAMPLE  2 
Preparation  of  NF4UF7 

A  solution  of  NF4HF}  in  anhydrous  HF  was  pre¬ 
pared  from  CsF  (14.12  mmol)  and  NF*SbF*  (14  19 
mmol)  in  the  same  manner  u  described  for  example  I 
(NF4WF7)  Moat  of  the  HF  solvent  waa  pumped  ofT  on 
warm  up  from  —78’  C.  towards  ambient  temperature, 
until  the  onset  of  NF*HFj  decomposition  became  no¬ 
ticeable.  Uranium  hexafluoride  (14.39  mmol)  was  con¬ 
densed  at  -  196*  C  into  the  reactor,  and  the  mixture 
waa  stirred  at  25'  C  for  20  hours.  The  material  volatile 
at  25*  was  briefly  pumped  off  and  separated  by  frac¬ 
tional  condensation  through  traps  kept  at  —78’,  —  1 26* 
and  —210*  C.  It  consisted  of  HF  (6.3  mmol).  UFt(9  58 
mmol)  and  a  trace  of  NFj.  Since  the  NF4HF2  solution 
had  taken  up  only  about  one  third  of  the  stoichiometric 
amount  of  UF*.  the  recovered  UF*  waa  condensed  back 
into  the  reactor.  The  mixture  waa  stirred  at  25*  C.  for  12 
hours  and  the  volatile  material  was  pumped  off  again 
and  separated.  It  consisted  of  HF  (12.8  mmol),  UF*(1.7 
mmol)  and  a  trace  of  NFy  Continued  pumping  resulted 
in  the  evolution  of  only  a  small  amount  of  UF*.  but  no 
NFj  or  HF,  thus  indicating  the  abaence  of  any  unre¬ 
acted  NF*HFj.  The  pale  yellow  solid  residue  (5.7 11  g, 
88%  yield)  waa  shown  by  vibrational  and  **F  NMR 
spectroscopy  and  elemental  analysis  to  have  the  follow¬ 
ing  composition  (weight  %):  NF«UFi,  97  47;  NFsSbF*. 
1.50;  CsSbF*,  1.03  Anal.  Calcd:  NFj,  15  34;  U,  50)2. 
Sb,  0.90;  Cs,  0.37.  Found:  NFj,  15  31  U.  50  2,  Sb.  0  90; 
Cs,  0.37. 

Obviously,  numerous  modifications  and  variations  of 
the  present  invention  are  possible  in  light  of  the  above 
teachings  It  is  therefore  to  be  understood  that  within 
the  scope  of  the  appended  claims  the  invention  may  be 
practiced  otherwise  than  at  specifically  described 
herein. 

What  is  claimed  as  new  and  desired  to  be  secured  by 
Letters  Pstent  of  the  United  States  is 

I.  NF4UF7 


temperature,  and  two  immiscible  liquid  phases  were 
observed.  After  vigorous  stirring  for  30  minutes  at  23* 
C.,  the  lower  WF*  layer  dissolved  in  the  upper  HF 
phase.  Most  of  the  volatile  products  were  pumped  off  at 
ambient  temperature  until  the  onset  of  NF4HF2  decom¬ 
position  became  noticeable  (NFj  evolution).  An  addi¬ 
tional  8.0  mmol  of  WF*  w as  added  at  —  196*  C.  to  the 
residue.  When  the  mixture  was  warmed  to  ambient 


50  2.  NF«WF7 

3  A  process  or  preparing  NF*UFi  compnsing  the 
following  steps  in  order 

(!)  placing  NF4HF2.n!(F  into  a  reaction  vessel. 

(2)  adding  an  excess  of  UF*  to  the  reaction  vessel. 

35  (3)  allowing  the  UF*  to  react  with  the  NF*HFt  "HF 

(4)  pumping  off  the  volatile  products  of  the  reaction 
and 


temperature,  a  white  solid  product  appeared  in  the  form  (5)  repeating  steps  (2)  through  (4)  until  the 
of  a  slurry.  All  material  volatile  at -31*  C.  was  pumped  NF4HF2.11HF  is  substantially  converted  to 

off  for  1  hour  and  consisted  of  HF  and  some  NF3-  An  so  NF4UF7. 


additional  14.5  mmol  of  WF*  was  added  to  the  residue 
and  the  resulting  mixture  was  kept  at  23*  C.  for  14 
hours.  All  material  volatile  at  — 13’  C.  was  pumped  off 
for  2  hours  and  consisted  of  HF  and  WF*.  The  residue 
was  kept  at  22*  C.  for  2.5  days  and  pumping  was  re¬ 
sumed  at  -  1 3*  C.  for  2.5  hours  and  at  22*  C.  for  4  hours. 
The  volatiles  collected  at  -210’  C.,  consisted  of  some 
HF  and  small  amounts  of  NF3  and  WF*  The  white 


4.  The  process  of  claim  3  wherein  n  is  from  about  0  5 
to  about  10.0 

5.  The  process  of  claim  3  wherein  steps  (2).  (3).  and 
(4)  are  performed  at  ambient  temperature. 

63  6.  A  process  for  preparing  NF4WF7  comprising  the 

following  steps  in  irder: 

(!)  placing  NFsHFj/tHF  into  a  reaction  vessel, 

(2)  adding  an  excess  of  WF*  10  the  reaction  vessel. 
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(3)  allowing  the  WF*to  react  with  the  NF4HF1/1HF; 

(4)  pumping  off  the  volatile  products  of  the  reaction; 

and 

(3)  repeating  stepa  (2)  through  (4)  until  the 


NF«HFi./tHF  is  substantially  converted  to 
NFsWFi. 

7.  The  process  of  claim  6  wherein  n  is  from  about  0.3 
to  about  10.0. 

3  8.  The  process  of  claim  i  wherein  steps  (2),  (3),  and 

(4)  are  performed  at  ambient  temperature. 
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substitution  of  aromatic  ring  compounds.  Therefore,  a 
METHOD  FOR  INTRODUCING  FLUORINE  INTO  research  effort  was  undertaken  in  an  attempt  to  satisfy 
AN  AROMATIC  RING  the  need  for  a  generally  usable  reagent. 


STATEMENT  OF  GOVERNMENT  INTEREST  S 

The  invention  deacribed  herein  may  be  manufactured 
and  used  by  or  for  the  Government  for  governmental 
purposes  without  the  payment  of  any  royalty  thereon. 

FIELD  OF  THE  INVENTION  10 

This  invention  relates  to  fluorocarbons  and  to  a  novel 
method  for  their  synthesis.  In  a  more  particular  aspect, 
this  invention  concerns  itself  with  a  novel  method  for 
introducing  a  fluorine  atom  into  an  aromatic  ring. 

Aromatic  fluorocarbons  are  a  well  known  class  of  15 
chemical  compounds  that  And  wide  utility  for  a  variety 
of  industrial  applications  and  in  the  fabrication  of  vari¬ 
ous  commercial  products.  They  are  useful  as  solvents, 
electrical  fluids,  heat  transfer  fluids  and  as  components 
in  the  manufacture  of  resins,  waxes,  greases  and  oils.  20 
However,  presently  known  methods  for  synthesizing 
such  compounds  by  introducing  a  fluorine  atom  into  an 
aromatic  ring  structure  are  severely  limited. 

The  classic  Balz-Schiemann  reaction,  for  example, 
and  methods  such  as  the  decarboxylation  of  flurofor-  25 
mates  are  useful  for  the  introduction  of  a  single  fluorine 
atom,  but  are  generally  less  useful  for  multiple  fluorine 
substitution.  The  use  of  elemental  fluorine  or  electro¬ 
chemical  fluorination  methods  result  mainly  in  addition 
and  not  in  substitution.  Halogen  fluorides,  such  as  C1F},  30 
BrFj,  or  IF),  produce,  in  addition  to  fluorine  substituted 
compounds,  large  amounts  of  the  corresponding  halo¬ 
gen  substituted  compounds  and  also  some  addition 
products.  The  yield  of  substitution  products  obtainable 
with  halogen  fluorides  can  be  improved  by  the  use  of  35 
strong  Lewis  acids.  However,  the  extreme  reactivity  of 
the  resulting  compounds,  such  as  CIF2+BF4-  or 
ClFi+SbF6~,  makes  control  of  their  reactions  with 
organic  compounds  extremely  difficult  and  unsafe.  The 
utilization  of  transition  metal  fluorides,  such  as  C0F3  or  40 
CeFs  results  in  addition  and  saturation,  requiring  subse¬ 
quent  rearomatisation.  Therefore,  this  method  is  limited 
to  highly  or  perhalogenated  aromatics.  Pyrolysis  of 
aliphatic  fluorocarbons,  such  as  CFBrj,  can  also  pro¬ 
duce  fluoroaromatics.  However,  this  method  is  limited  4S 
again  to  the  synthesis  of  perfluorinated  aromatics.  Halo¬ 
gen  exchange  reactions,  such  as  Cl  versus  F,  using  HF, 
alkali  metal  or  metal  fluorides  are  useful,  but  are  re¬ 
stricted  to  systems  strongly  activated  towards  nucleo¬ 
philic  attack  by  fluoride  ion.  Hypofluorites,  such  as  SO 
CFjOF,  are  useful  for  electrophilic  and  photo!  ytic  fluo- 
rinauons.  The  electrophilic  fluori nations  are  limited 
again  to  activated  aromatics,  whereas  the  free  radical 
photo! ytic  fluorinations  often  lack  selectivity  resulting 
in  — OCFj  substituted  by-products  and  side  chain  fluo-  55 
rination.  The  xenon  fluorides  and  especially  XeFj  are 
promising  reagents  for  electrophilic  aromatic  substitu¬ 
tion,  but  the  full  extent  of  their  usefulness  is  still  un¬ 
known.  The  limited  availability  of  xenon,  its  high  price, 
and  the  treacherous  explosiveness  of  their  hydrolysis  60 
product,  XeOj,  are  drawbacks  curtailing  its  extensive 
use. 

The  above  listing  of  some  of  the  known  methods  of 
preparing  aromatic  fluorine  compounds,  although  not 
extensive,  clearly  illustrates  the  problems  prevalent  in  65 
this  area  of  technology  and  points  out  the  need  for  a 
reliable,  readily  available  and  economically  feasible 
reagent  for  accomplishing  the  electrophilic  fluorine 


In  theory,  the  ideal  reagent  for  electrophilic  substitu¬ 
tion  would  be  a  salt  containing  the  F+  cation.  Unfortu¬ 
nately,  such  salts  do  not  exist  As  an  alternative,  salts 
containing  complex  fluoro  cations  of  the  type 
XF(«+ 1)4-  could  be  used.  However,  to  be  a  strong  elec¬ 
trophile,  such  a  cation  should  possess  high  electronega¬ 
tivity.  Since  highly  electronegative  fluorine  compounds 
generally  are  very  strong  oxidizers,  most  of  these  cati¬ 
ons  react  too  violently  with  organic  compounds  to  be  of 
practical  interest  As  a  consequence,  the  research  effort 
referred  to  above  proved  to  be  unsuccessful.  Additional 
research,  however,  proved  to  be  fruitful  and  culminated 
in  the  discovery  that  the  NF4+  cation  constitutes  an 
exception  to  the  general  rule  that  such  cations  react  too 
violently  with  organic  compounds.  As  a  result  of  the 
present  invention,  therefore,  it  was  found  that  aromatic 
ring  compounds,  such  as  benzene,  toluene,  and  nitro¬ 
benzene,  interact  rapidly  with  NF4BF4  in  anhydrous 
HF  to  give,  almost  exclusively,  fluorine  substituted 
aromatic  derivatives. 

SUMMARY  OF  THE  INVENTION 

The  present  invention  concerns  itself  with  a  method 
for  introducing  fluorine  into  an  aromatic  ring  structure 
by  using  NF4BF4  as  a  reaction  reagent.  The  introduc¬ 
tion  is  accomplished  by  an  electrophilic  substitution 
reaction  in  which  up  to  five  hydrogen  atoms  in  the 
aromatic  ring  can  be  substituted  by  fluorine  atoms.  The 
reaction  can  be  carried  out  by  either  adding  the  aro¬ 
matic  compound,  such  as  benzene  in  vapor  form,  to  a 
cooled  solution  of  NF4BF4  in  HF  or,  alternatively,  by 
adding  slowly  a  solution  of  NF4BF4  to  a  solution  of 
benzene  in  HF. 

Accordingly,  the  primary  object  of  this  invention  is 
to  provide  a  novel  method  for  introducing  a  fluorine 
atom  into  an  aromatic  ring  structure. 

Another  object  of  this  invention  is  to  provide  a 
method  for  substituting  fluorine  atoms  for  the  hydrogen 
atoms  in  an  aromatic  ring  structure. 

Still  another  object  of  this  invention  is  to  provide  for 
the  synthesis  of  fluorine  containing  aromatic  ring  com¬ 
pounds  by  effecting  a  reaction  between  a  non-fluorine 
containing  aromatic  compound  and  salts  containing  an 
NF4  +  cation. 

A  further  object  of  this  invention  is  to  provide  a 
method  for  introducing  a  fluorine  atom  into  an  aromatic 
ring  by  using  NF4BF4  as  a  reaction  reagent  in  the  elec¬ 
trophilic  substitution  of  a  fluorine  atom  for  a  hydrogen 
atom  in  an  aromatic  ring  structure. 

The  above  and  still  further  objects  and  advantages  of 
the  present  invention  will  become  more  readily  appar¬ 
ent  upon  consideration  of  the  following  detailed  de¬ 
scription  thereof. 

DETAILED  DESCRIPTION  OF  THE 
PREFERRED  EMBODIMENT 

Pursuant  to  above-defined  objects,  the  present  inven¬ 
tion  concerns  itself  with  a  noval  method  for  introducing 
fluorine  atoms  into  an  aromatic  ring  compound  through 
the  electrophilic  substution  of  a  hydrogen  atom  by  a 
fluorine  atom.  The  known  methods  for  introducing 
fluorine  into  an  aromatic  ring  are  quite  limited  and  are 
often  not  generally  applicable.  A  widely  applicable 
reagent  for  carrying  out  electrophilic  substitution  reac- 
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bon*  on  aromatic  hag  system*,  therefore,  would  be 
highly  desirable.  As  •  result,  •  concentrated  research 
effort  was  undertaken  based  oo  the  hypothesis  that  the 
use  ofNF*+  ion  containing  salts  in  this  regard  would  be 
promising  A  continued  investigation  of  aromatic  by-  5 
drocarbon  reactions  with  NF«+  ion  containing  species 
confirmed  the  hypothesis.  It  was  found  that  a  reaction 
between  as  aromatic  hydrocarbon  ring  compound,  such 
as  bensesie.  toluene  or  nitrobenzene  with  an  NF*+  salt 
accomplished  the  substitution  of  up  to  five  hydrogen  io 
atoms  is  the  aromatic  ring  by  fluorine  atoms. 

Hydrogen  fluoride  was  used  as  a  solvent  because  of 
the  high  solubility  of  NF«*  salts  in  it  and  also  because 
the  diluent  and  heat  dissipation  properties  of  a  solvated 
system  were  found  to  be  beneficial  in  the  anticipated  u 
vigorous  fluorinabon.  As  stated  hereinbefore,  the  reac¬ 
tion  was  carried  out  by  either  adding  benzene  vapor  to 
a  cooled  solution  of  NF4BF4  in  HF  or  by  adding  slowly 
a  solution  of  NF4BF4  to  a  solution  of  benzene  in  HF.  On 
contact  gas  evolution  was  noted.  When  rapid  addition  20 
occurred  tome  apparent  charring  occurred.  The  step¬ 
wise  substitution  of  H  by  F  was  observed  according  to 
the  following  general  equation: 

aWUBF*  +  C4H4 

C4H4-.F.  *  sNF)  +  oBFj  +  sHF  (where  s  —  1-5) 

The  evolved  gas  was  removed  under  vacuum  and 
trapped  at  —19b*  C.  It  was  found  to  be  NFj  and  the  30 
amount  corresponded  to  that  expected  on  the  basis  of 
one  mole  of  NFj  per  mole  of  NF4BF*.  Hexafluoroben- 
xenc  was  not  observed  although  all  other  substitution 
products  from  mono-to-penta-fluorobenzene  were  ob¬ 
tained.  Almost  no  saturated  or  partially  saturated  fiuo-  35 
raemrbons  were  produced  which  makes  this  process  of 
special  interest  in  generating  aromatic  fluorocarbons 
directly  from  their  hydrocarbon  analogues. 

The  benzene,  toluene,  and  nitrobenzene  reactants 
interacted  rapidly  with  NF4BF4  in  anhydrous  HF  to  40 
give,  almost  exclusively,  fluorine  substituted  aromatic 
derivatives.  With  benzene,  up  to  five  hydrogens  were 
replaced,  while  a  maximum  of  four  hydrogens  were 
displaced  in  CsHjCHj  and  CsHjNOj  'Hie  direction  of 
the  substitution  in  C4H5CH3  and  CsHjNOj  and  the  lack  45 
of  side  chain  fluorine tion  in  CeHjCH]  support  an  elec¬ 
trophilic  substitution  mechanism  when  using  NFsBFs  as 
a  reactant  Although  highly  electronegative  fluorine 
compounds  generally  are  very  strong  oxidizers,  most 
cations  react  too  violently  with  organic  compounds  to  50 
be  of  practical  interest  The  NF4+  cation,  however,  wax 
found  to  be  an  exception.  It  combines  high  electronega¬ 
tivity  (oxidation  state  of  +  V)  with  high  kinetic  stability 
(it  is  isoelectronic  with  CF4),  and  its  reactions  require 
significant  activation  energies.  Furthermore,  NF«  + 
salts,  such  as  NF4BF4,  offer  the  advantage  of  generating 
in  an  electrophilic  aromatic  substitution  reaction  only 
by-products,  such  as  NF)  and  BFj,  which  are  unreac¬ 
tive  toward  the  organic  compounds.  In  view  of  these 
properties  and  its  ready  availability,  NF4BF4  was  found  to 
to  be  an  ideal  candidate  for  electrophilic  aromatic  sub¬ 
stitution  reactions.  A  vigorous  ring  hydrogen  substitu¬ 
tion  occurred  even  at  -7S*  C.  in  HF  solution. 

In  carrying  out  the  reaction*  of  this  invention,  the 
nonvolatile  materials  were  manipulated  in  a  well-peas-  65 
ivated  (with  OF))  stainless  steel  vacuum  line  equipped 
with  Teflon  FEP  U  traps,  3 16  stainless  steel  bellow*  teal 
valves  and  a  Heise  Bourdon  tube-type  pressure  gauge. 


4 

Hydrogen  fluoride  work  was  carried  out  in  an  all  Monel 
and  Teflon  vacuum  system.  Transfers  outside  the  vac¬ 
uum  line  were  earned  out  in  a  drybox.  Infrared  spectra 
were  obtained  using  5  cm  path  stainless  steel  cells  with 
AgG  window*  and  a  PE  Model  283  spectrophotome¬ 
ter.  Meat  spectra  were  measured  with  an  EA1  Quad  300 
quadrupole  spectrometer  and  **F  and  >H  nar  spectra 
were  determined  with  a  Vartan  EH390  spectrometer 
operating  at  84.6  tad  90  MHz,  using  CFClj  or  TMS  as 
internal  standards,  respectively.  Positive  chemical  shift* 
are  upfleld  from  CFG)  and  downfield  from  TMS. 
Raman  spectra  were  recorded  on  a  Cary  Model  83 
using  the  4100  A  exciting  line.  Oas  chromatographic 
data  were  obtained  using  a  Varian  Aerograph  GC  with 
a  thermal  conductivity  detector  under  isothermal  con¬ 
ditions  (133*)  with  a  stainless  steel  column  (|"xl0') 
packed  with  Poropek  PS.  For  the  GC  determination  of 
the  quantitative  composition  of  mixtures,  uncorrected 
peak  areas  were  used  since  response  factors  were  not 
available  for  all  compounds.  The  solid  NF4BF4  was 
prepared  from  NFj — Fj — BFj  at  low  temperature  using 
UV  activation,  which  gives  analytically  pure  material. 
The  simplest  aromatic  hydrocarbon  studied  in  the 
f r ,  25  previously  referred  to  research  effort  was  benzene. 
With  NF«  *  substrate  mole  ratios  of  about  three,  up  to 
five  hydrogens  were  substituted  by  F  as  shown  in  the 
following  generalized  equation. 

aNF«*F«  +  ew-HT  >  <II) 

C4F.H4-.  4-  aNF]  4  aBF)  4  aHF  whan  a  -  I-} 

However,  at  these  higher  HF**  to  substrate  ratios,  the 
reaction  was  more  difficult  to  control  and  more  “char” 
formation  was  noted.  Hexafluorobenzene  was  not  ob¬ 
served  a*  a  product  If  significant  amounts  had  been 
formed,  it  would  have  easily  been  detected  by  mass 
spectroscopy  since  iu  base  peak  is  the  parent  ion.  Only 
trace  quantities  of  partially  saturated  species,  CsFaH; 
and  C4F7H  were  observed,  indicating  that  very  little 
addition  occurred. 

In  order  to  determine  the  nature  of  the  reaction,  two 
substituted  benzenes,  C*HjCH)  and  C4H5NO-  were 
also  studied.  Tbeae  were  chosen  for  their  well  known 
ability  to  differentiate  between  an  electrophilic  and  a 
free  radical  reaction  path,  based  on  the  observed  ortho- 
meta-para  product  distribution. 

In  the  toluene  reaction,  the  ratio  of  NF4*  to  toluene 
was  in  the  range  2-4:1.  Thus,  an  excess  of  fluorine  was 
available  (assuming  one  F/NF«+  is  available  for  substi¬ 
tution)  and  multisubstitution  was  expected.  The  result 
of  s  very  rapid  reection  is  illustrated  by  the  following 
55  equation: 

OD) 

C4HJCH,  4-  aNFJF,  >C4F.Hl-.CH|  when  ■  -  1-4 

The  mass  spectra  of  the  products  strongly  indicate 
that  no  side  chain  fluorinatioo  had  occurred,  in  agree¬ 
ment  with  other  spectroscopic  evidence.  Typical  iso¬ 
mer  distributions  for  the  ring  substitution  were:  o-F(13), 
m-F(8).  p-F(  1  i\  2.4  di-F(30),  and  mixed  di-  and  tri- 
F(25).  Obviously,  0  tad  p-  products  predominate  for 
this  electron  rich  ring,  a  result  which  is  compatible  with 
an  electrophilic  substitution  process. 
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For  the  nitrobenzene  reaction,  a  3:10  note  ratio  of 
NF4BF*  tubatrate  waa  used  Eves  under  these  condi¬ 
tions,  this  reaction  was  leas  vigorous  than  those  of  ben¬ 
zene  or  toluene,  aa  exemplified  by  a  slightly  slower  NF3 
evolution  and  the  lack  of  “darkening"  of  the  solution  3 
until  the  mixture  was  finally  warmed  to  about  0*.  Fluo¬ 
rine  substitution  occurred  to  give  C4F.H5-.NO: 
(where  a— 1-4)  compounds.  Minor  amount!  of 
FNO].(HF)s  were  formed  and  traces  of  C4F.H4-. 
species  were  observed,  but  overwhelmingly  the  NO:  10 
group  waa  not  displaced  The  observed  products  were 
mainly  monosubsntuted  with  the  following  isomer  dis¬ 
tribution:  o-F(16),  m-F(62),  and  p-F(7). 

The  observation  of  predominantly  ortho  and  para 
substitution  and  the  lack  of  side  chain  fluctuation  in  13 
toluene,  and  the  meta  substitution  in  nitrobenzene  estab¬ 
lishes  these  NF«BF«  reactions  as  electrophilic  substitu¬ 
tions. 

For  nitrobenzene,  the  yield  of  fluorine  ted  products 
was  not  determined  due  to  separation  problems  caused  20 
by  the  low  volatility  of  the  products  and  the  large  ex¬ 
cess  of  nitrobenzene  used.  However,  in  view  of  the  high 
relative  amount  of  mono-F  species,  and  the  limited 
amount  of  charring,  it  is  estimated  that  the  yield  of 
substituted  products  wss  high.  For  the  much  more  reac¬ 
tive  CsHssiid  C4H5CH3.  yields  varied  widely.  Volatile, 
fluorinated  species  were  observed  equivalent  to 
30-60%  of  the  aromatic  starting  compounds. 

The  following  examples  are  presented  in  order  to  ^ 
point  out  the  invention  with  greater  detail.  The  exam¬ 
ples,  however,  are  illustrative  only  and  are  not  to  be 
construed  as  limiting  the  invention  in  any  way. 

EXAMPLE  I 

C4H5NO2.  To  a  stirred  solution  of  CsHsNO:  (10 
mmol)  in  S  ml  HF  at  —78*  was  added  dropwise  over  30 
min.  a  solution  of  NF«BF«(2.88  mmol)  in  3  ml  HF. 
Reaction  of  the  NF4BF4  was  shown  by  an  increase  in 
pressure  due  to  NFj  evolution.  When  all  the  NF4BF4  K 
had  been  added,  the  reaction  was  gradually  warmed  to 
0’  G  and  left  overnight.  During  the  warming,  the  reac¬ 
tion  solution  changed  from  pale  yellow  to  dark  brown. 
Keeping  the  reaction  ampoule  at  —43*,  the  NFj,  HF, 
and  other  volatile  materials  were  pumped  away  45 
through  —78*  C.  and  — 196’  C.  trap*.  After  the  major¬ 
ity  of  the  HF  was  removed,  the  reactor  was  maintained 
at  0*  C  The  material  passing  the  —78*  C  fraction  con¬ 
sisted  of  a  few  droplets  of  a  liquid  with  a  low  vapor 
pressure  at  ambient  temperature.  Maas  spectroscopy  of  50 
the  vapor  from  the  drops  showed  minor  amounts  of 
aromatic  fluorocarbons  which  did  not  contain  NO: 
substituents.  These  were  of  the  empirical  formula 
C4F.H4-.  (n— 1-4).  The  principal  ion  peaks  observed 
were  m/e  (assign):  85(NO:F.HF),  49  (NOF),  and  53 
30(NO)  Examination  of  the  liquid  non-volatiles  at  0*  C. 
which  remained  in  the  reactor,  by  NMR  spectroscopy, 
showed  that  five  fluorinated  compounds  were  present 
and  all  were  found  to  be  substituted  nitrobenzenes  by 
comparison  of  the  observed  chemical  shifts  with  re-  to 
ported  values  By  measurement  of  the  area  of  the  reso¬ 
nances  the  amount  of  each  compound  was  calculated: 
0-C4FH4NO1  (14%),  m-C*FHsN0^62%),  p- 

C4FH4NO:  (6%),  2,6-or  3,3-difluoronitrobenzene 
(14%),  and  2,6-difluoronitrobenzene.  The  large  excess  63 
of  C4H5NO2  employed,  and  still  present,  masked  the  'H 
spectra  of  these  products  and  thus  the  ,VF  spectra  were 
relied  on  for  identification. 
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EXAMPLE  11 

C4H5CH).  Toluene  and  NF*BF*(M  molar  ratio) 
were  reacted  by  condensing  the  hydrocarbon  onto  the 
stirred  HF  solution  of  the  salt  at  -  78*  C.  Alternatively, 
toluene  in  HF  at  -  71*  C.  was  treated  dropwise  with  t 
solution  of  NF4BF4  (1:2  molar  ratio).  In  either  case, 
instantaneous  reaction  occurred  and  the  solution  be¬ 
came  black.  After  warming  10  0*  C.  for  a  few  hours, 
these  reactions  were  worked  up  in  the  usual  manner 
Much  tar  like  residue  remained  in  the  reactor  in  each 
case.  Infrared  spectroscopic  examination  of  the  volatile 
species,  trapped  at  —78’  C  ,  showed  strong  bands  near 
1 300  cm* 1  confirming  the  presence  of  aromatic  species. 
Maas  spectra  of  these  fractions  showed  in  both  experi¬ 
ment!  that  only  sromatic  substitution  products  were 
present;  these  were  of  the  empirical  formula  CiF.Hi  _  . 
(where  n— 1-4).  The  low  intensity  of  the  m/e  69  and  51 
peaks  indicated  the  absence  of  CF]  or  CF:H  groups  in 
these  compounds  with  the  observed  intensities  of  these 
peaks  being  due  to  C4FH1  and  C*Ht  ions  From  the 
reaction  using  s  higher  ratio  of  NF4BF4  to  toluene,  a 
significant  amount  of  C4F4H:  was  found  indicating 
some  displacement  of  CHj  from  the  ring  The  NMR 
spectra  of  these  products  confirmed  that  various  fluoro- 
toluenes  were  present  approximately  m  the  amounts 
given  (%):  0-C4FH4CH j(  1 3),  p-C*FH»CHj(16),  m- 
C4FH4CH3  (8).  2,4-difluorotoluene  (30).  other  di-  and 
tn-fluorotoluenes  (25),  and  2,4,5.6-tetra- 
fluorotoluene(7). 

EXAMPLE  III 

C4H4.  Benzene  and  NF4BF4  were  reacted  using  the 
same  two  techniques  described  for  toluene  It  was  not 
possible  to  prevent  charring  and  blackening  of  the  ben¬ 
zene.  Nevertheless,  isolation  of  the  volatile  products 
condensable  at  -7S*  C  and  examination  of  their  mass 
spectra  showed  that  substantial  substitution  of  H  by  F 
had  occurred,  resulting  m  the  formation  of 
CtFuHi-i/n^  1-3)  C*F*  was  not  observed  and  only 
minor  amounts  of  the  addition  products  C4F4H:  and 
C4F7H  were  observed. 

In  consideration  of  the  aforementioned  detailed  de¬ 
scription,  it  is  obvious  that  the  present  invention  pro¬ 
vides  a  novel  method  for  substituting  fluorine  atoms  for 
hydrogen  atoms  in  an  aromatic  ring  structure  without 
affecting  saturated  or  oxidized  substituents  The  results 
of  this  invention  clearly  demonstrates  the  utilization  of 
NT**  ion  containing  salts  as  powerful  reagents  for  the 
introduction  of  fluorine  atoms  into  aromatic  ruigs  by 
electrophilic  substitution  Up  to  five  hydrogens  can  be 
substituted  in  aromatic  systems  by  a  rapid  substitution 
reaction,  found  to  be  highly  efficient  and  relatively  safe, 
before  a  much  slower  addition  reaction  takes  over 

Thu  slower  fluorine  addition  reaction  was  also  stud¬ 
ied  and  found  to  produce  the  corresponding  cyclo-hex- 
adienes  and  hexenes.  The  addition  reactions  are  novel 
and  offer  s  controlled,  high  yield  path  to  dienes  which 
have  previously  only  been  obtained  as  pans  of  complex 
mixtures. 

To  obtain  more  data  on  the  reactions  of  sromatics 
with  NF**  salts,  an  examination  of  aromatic  systems, 
which  were  already  highly  fluorinated.  was  earned  out 
It  was  found  that  these  starting  materials  are  more  men 
toward  the  strongly  fluonnating  NF4BF4,  thus  allowing 
better  control  of  the  reaction  Experiment!  were  earned 
out  using  tetri-,  penis-,  sad  hexafluorobenzene  as  start¬ 
ing  materials.  Ail  reacted  gradually  at,  or  near,  ambient 
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temperature  All  solutions  and  product*  were  colorless 
throughout  the  reactions.  Liberated  NF)  and  went, 
an  reacted  NF*BF«  were  recoverable.  Tlie  products 
were  identified  spectroscopically  and  moat  of  them 
have  bean  reported  m  the  literature,  making  their  identi¬ 
fication  unequivocal.  The  overall  results  are  shown  by 
the  equation*. 


F;  (V> 


O-O  • 


For  these  three  highly  fluorinated  benzenes,  the  addi-  40 
Don  of  the  first  two  fluorinei  occurs  in  para  position  to 
each  other  (1,4  addition)  and  ortho  to  any  hydrogen,  if 
present.  The  addition  of  a  second  pair  of  fluorines  can¬ 
not  proceed  by  a  1,  4  mechanism  without  changing  the 
ring  into  a  btcyclo  form,  which  is  generally  encountered  49 
only  under  photo  lytic  conditions.  Thus,  the  second  pair 
of  fluorines  undergoes  a  1,2  addition  to  yield  a  cyclo¬ 
hexene. 

For  pentafluorobenzene,  some  substitution  was  also  K 
observed.  It  is  not  clear  whether  this  is  the  result  of  a 
true  substitution  or  of  an  addition-elimination  reaction. 

In  the  case  of  p-CsFaHj,  the  second  Fi  addition  pro¬ 
duces  the  lH,4H-octafluorocyclohexene  which  has  two 
possible  geometric  isomen.  T race  quantities  of  the  satu-  j} 
rated  product,  C*FioHj,  were  also  detected  by  mass 
spectroscopy. 

In  order  to  provide  greater  detail  in  connection  with 
the  addition  reactions  referred  to  above.  Example*  IV, 

V  and  VI  are  presented.  In  these  addition  reactions, 
almost  no  hydrogen  substitutions  occurred.  The  addi¬ 
tion  of  the  first  pair  of  fluorine  atoms  always  gave  1,4- 
cyclobexadiene  in  which  the  CFj  group  was  ortho  to 
hydrogen  on  the  ring.  The  addition  of  the  second  pair  of 
fluorine  atoms  results  in  the  formation  of  cyclobexenes.  45 
These  reactions  occurred  in  high  yield.  All  products 
were  characterized  spectroscopically  and  by  compari¬ 
son  to  literature  date 


EXAMPLE  IV 


CtF*.  A  sample  of  NF4BF4  (4.07  mmol)  contained  in 
a  Teflon  (FEP)  ampoule  was  dissolved  in  anhydrous 
HF  (4  ml)  and  cooled  to  —  78*  C.,  Hexafluorobenzene 
(1.23  mmol)  was  condensed  into  the  ampoule  which 
was  then  warmed  gradually  while  stirring  magnetically 
After  being  kept  overnight  at  0*- 10*  C,  the  clear,  color¬ 
less  solution  was  cooled  to  -78*  C  and  the  volatile 
material  quickly  removed  by  condensation  into  a  —  196* 
C.  trap.  The  —  196*  C.  trap  contained  NF3  (1.24  mmol) 
contaminated  with  traces  of  HF  as  shown  by  infrared 
spectroscopy  The  reaction  was  allowed  to  continue  for 
another  day  at  room  temperature.  While  maintaining 
the  reaction  ampoule  at  0*  C,  the  volatile  products  and 
HF  were  separated  by  fractional  condensation  in  a  se¬ 
ries  of  U -traps  cooled  at  —45*,  —78*,  and  -  196*.  The 
— 196*  C.  fraction,  NF]  and  HF,  was  discarded  and  the 
—45*  C.  trap  was  empty.  The  —78*  C.  trap  contained  a 
white  solid,  which  melted  to  a  colorless  liquid  above  0* 
C.  Examination  of  this  material  by  infrared  and  gas 
chromatography  showed  it  to  be  1.4  perfluorocyclohex- 
adiene  (1.18  mmol,  94  3%  yield,  based  on  C«Ft)  with  a 
slight  amount  (2-3%)  of  unreacted  C«F*.  Intense  ions  in 
the  mass  spectrum  were  observed  at  m/e  (assign  ): 
224(C*F»),  205  (C4F7).  186(C*F*),  174<C}F6).  155 
(CjF5.  base),  136(CjF«),  124(C«F«),  117(C,Fj), 

105(GsFj).  93(CjFj),  86(C«Fj),  74(CjFi),  69<CFj),  55 
(CjF),  and  31(CF).  The  l9F  NMR  spectrum  showed 
two  equal  area  multiplets  at  113.1  and  158.3  ppm  in 
agreement  with  the  literature  for  l,4-C*Fi  A  white 
solid  remained  in  the  reaction  ampoule  and  was  shown 
by  Raman  spectroscopy  to  be  NF4BF4  (1 .48  mmol). 


EXAMPLE  V 


C4F5H.  As  before,  a  mixture  of  NF4BF4  (4.29  mmol) 
and  C4F5H  (1.35  mmol)  in  HF  was  stirred  and  wanned 
during  several  hours  from  —78*  C.  toward  ambient 
temperature  where  it  was  kept  for  12  hours.  Evolved 
NFj  (3.3  mmol)  was  monitored.  After  several  more 
hours  of  stirring  at  room  temperature,  the  products 
were  separated  by  vacuum  fractionation  through  li¬ 
mps  cooled  at  -43*.  -78*.  and  — 196*  C.  All  matenal 
passed  the  —45’  trap  except  for  a  small  amount  of 
NF4BF4  remaining  in  the  reactor.  The  — 196*  C.  frac¬ 
tion  was  discarded.  The  —78’  C.  trap  contained  1.24 
mmol  of  a  colorless  liquid  whose  infrared  spectrum 
indicated  that  it  was  composed  of  more  than  one  cyclo- 
hexene  [1 170(ma),  1740(s),  and  1720  cm-  '(vs)],  as  well 
as  unreacted  C4F5H  Gas  chromatography  showed 
three  components  which  were  analyzed  individually  by 
mas*  spectroscopy.  In  order  of  elution  they  were;  (1) 
1,4-CsFs,  26.1%,  (2)  IH-hcptafluorocyclohexa-1,4- 
diene,  66.3%,  and  (3)  C*FjH,  7.6%  with  the  composi¬ 
tion  based  on  GC  peak  areas.  The  mass  spectra  of  the 
fractions  agreed  very  well  with  published  data  for  the 
assigned  compounds.  In  addition,  the  ,9F  NMR  spectra 
confirmed  the  formulated  structures  For  1-H  hepu- 
fluorocyclohexa- 1,4-diene,  a  literature  report  of  the 
NMR  spectrum  could  not  be  found,  but  by  comparison 
with  related  compounds  it  was  apparent  that  the  ob¬ 
served  resonances  and  area  ratios  were  reasonable  for 
that  structure.  Chemical  shifts  of  H  or  F,  ppm  or  6  (re! 
F  peak  area):  l-H,  3.93;  2-F,  127.7(1);  3-F,  115.2(2);  4-F. 
160(1);  5-F,  155(1),  6-F,  101.7(2).  The  conversion  of  the 
C*FjH  was  92%.  The  composition  of  the  product  was 
28%  1,4-C«F|  and  72%  1.4-C«F?H.  with  a  total  of  91% 
of  the  organic  material  being  recovered. 
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EXAMPLE  VI 


p-CtF«Hj.  A  mixture  of  NFaBFa(4.18  mmol)  and 
p-C«F«H2(1.43  mmol)  in  4  ml  HF  at  -78*  G  was  stirred 
and  warmed  to  0*  C.  over  3  hours,  followed  by  over¬ 
night  stirring  at  0*-20*  C  Fractional  condensation  at 
-78*  C  and  - 196*  C  was  used  to  separate  HF  and 
NFj  from  the  products  which  were  retained  in  the  —78* 
C  trap.  No  unreacted  NF«BF«  remained  in  the  reactor. 
The  original  —78*  C. fraction  was  further  separated  by 
refractionating  through  —43*  and  —78*  C.  traps.  The 
former  contained  0.21  mmol  of  a  colorless  liquid  whose 
infrared  spectrum  showed  a  strong  band  at  1710  cm-1 
typical  for  the  double  bond  of  a  — CF=CH—  group. 
Analysis  using  GC/MS  procedures  showed  this  mate¬ 
rial  to  be  1H.  4H-bexafluorocyclohexa- 1,4-diene.  Prom¬ 
inent  mass  spectral  peaks  were  found  at  m/e  (assign.): 
188<C*F*Hi).  IWfCsFsHj),  ISOfCsFsHi). 
138(CsF«H2),  137(CjF«H),  II^CsFjH:,  base), 

99(C5FjH).  94(C}FjH),  93(CjFj).  88<GiF2H:), 

81(CjFHi),  80(CjFH),  75(CjF2H),  69(CFj),  68(GtFH), 
61(CjH),  J7(CjFH2),  56(C3FH),  51(CFjH),  50(CF:), 
44(C2FH),  and  31(CF).  The  **F  NMR  spectrum  for  this 
compound  agreed  with  published  data.  Similar  analysis 
of  the  —78*  C.  fraction  showed  it  to  be  a  mixture  of 
unreacted  p-C*F*Hj,  the  above  described  1H,4H  cy- 
dohexa- 1.4-diene,  and  a  compound  of  empirical  for¬ 
mula  CsFsH2.  An  infrared  spectrum  of  the  latter  com¬ 
pound  showed  bands  at  cm- 1  (in tens  ):  3070(w), 
2960<w),  1710(ms).  I380(s).  1333(w),  1260(m),  1150(s), 
1065(in),  1030(m).  743(mw),  637(w),  580(w).  and 
582(w).  The  bands  near  3000  cm~ 1  are  assignable  to  the 
carbon-hydrogen  stretches  of  — C=C — M  and  C — H 
groups  while  the  1710  cm-1  peak  is  typical  of  a 


— CF=CH —  stretching  vibration.  Strong  ion  peaks  in 
the  mam  spectrum  were  at  m/e  (assign.): 

226(C«FsH2).  207(C*F,H2).  186(C*F4),  157(C}FjH2) 
144(C*FjH),  137(CjF«H),  1I9(CjF3H2).  !I7(CjF3), 
3  113(C4F«H),  94(CiFjHX  93(C3F3),  75(C3F2H), 

69(CF3),  57(C3FH2),  51(CF2H),  and  JOfCFt).  The 
NMR  spectra  of  the  —  78*  fraction  confirmed  the  pres¬ 
ence  of  p-C«F4H2,  lH,4H-hexaflnorocyclohexa-l,4- 
diene,  and  lH,4H-octafluorocyclohexene;  chemical 
10  shift  of  H  or  F.ppm  or  t  (rel.  area)  of 
1H.4H— C6FsH2:1-H,5.1(1);  2-F,  121.5(1),  3-F,  1 18.1(2). 
4-H,  4.7(1),  LF,  134.4(1),  5-F,  130.3(2),  6-F,  110  4(2). 
The  conversion  of  starting  material  was  78%.  The  com¬ 
position  of  the  products  was  53%  C^F^Hj  and  47% 
C«FsH2,  with  a  total  of  92%  of  the  organic  material 
being  recovered. 

As  will  be  clearly  evident  to  those  skilled  in  the  an, 
various  alterations  and  modifications  of  the  present 
2q  invention  can  be  made  without  departing  from  the  sptnt 
thereof,  since  it  is  intended  that  the  invention  be  limited 
only  by  the  scope  of  the  appended  claims. 

What  is  claimed  is: 

1.  A  process  for  introducing  a  fluorine  atom  into  the 
25  ring  structure  of  an  aromatic  compound  which  com¬ 
prises  the  step  of  effecting  a  substitution  reaction  be¬ 
tween  (1)  an  aromatic  compound  selected  from  the 
group  consisting  of  benzene,  toluene  and  nitrobenzene 
and  (2)  a  hydrogen  fluoride  solvent  solution  of  NF*JBF«. 
30  2.  A  process  in  accordance  with  claim  1  wherein  said 

aromatic  compound  is  benzene. 

3.  A  process  in  accordance  with  claim  1  wherein  said 
aromatic  compound  is  toluene. 
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1  Claim,  No  Drawings 


Tvrnm 


iPIIWiWWWi  M'V  J »  Y  i  imppmwMWW  m  ■ 


4.428.913 


nmtVOftOAMMONIUM  SALT  OP 
HXPTAPLUOKOXENON  ANION 

BACKGROUND  OF  THE  INVENTION 

Tha  invention  relates  to  energetic  inorganic  silts  and 
more  particularly  to  salts  containing  the  NF«--  cation. 

NF*+  salts  ue  key  ingredients  for  solid  propellant 
NFj — Ft  gas  generators,  as  shown  by  D  Pilipovich  in 
U.S.  Pat.  No.  3.963,542,  and  for  high  detonation  pres* 
sure  explosives,  as  shown  by  K.  O.  Chnste  in  U.S.  Pat 
No.  4,207,124.  The  synthesis  of  NFs*  salts  ia  unusually 
difficult  because  the  parent  molecule  NFj  does  not  exist 
and  the  salts  must  be  prepared  from  NFj  which  amounts 
formally  to  a  transfer  of  F*  to  NFj  according  to: 

NF)  +  F*-NF«* 

Since  fluorine  is  the  most  electronegative  of  ail  ele¬ 
ments,  F+  cannot  be  generated  by  chemical  means. 
This  difficult  synthetic  problem  was  overcome  by  K.  O. 
Chnste,  «  al  as  shown  in  U.S.  Pat.  No.  3,503,719.  By 
the  use  of  an  activation  energy  source  and  a  strong 
volatile  Lewis  acid,  such  as  AsFj,  the  conversion  of 
NF)  and  Ft  to  an  NFa*  salt  became  possible: 

NFj  -t-  F)  +  A*F5-4E->NFt*  A*Fi" 

However,  only  few  Lewis  acids  are  known  which  pos¬ 
sess  sufficient  strength  and  acidity  to  be  effective  in  this 
reaction.  Therefore,  other  indirect  methods  were 
needed  which  allowed  conversion  of  the  readily  acces¬ 
sible  NF«-"  salts  into  other  new  salts.  Two  such  meth¬ 
ods  are  presently  known.  The  first  one  involves  the 
displacement  of  a  weaker  Lewis  acid  by  a  stronger 
Lewis  acid,  as  shown  by  K.  O  Chnste  and  C.  J.  Sc  hack 
in  U.S.  Pat.  No.  4,172,881  for  the  system: 

NF4BF4  +  PFJ-NF4FF4  +  BF  j 

but  is  again  limited  to  strong  Lewis  acids.  The  second 
method  is  based  on  metathesis,  i.e.,  taking  advantage  of 
the  different  solubilities  of  NFs*  salts  in  solvents  such 
as  HF  or  BrFj.  For  example,  NFaSbFs  can  be  con¬ 
verted  to  NF4BF4  according  to: 


NF4SW4  +  C4BF4  _||fg->CtSbFt  ▼  *  NF4BP4 
aoMMt  nM*  imolubla  wtuW* 

This  method  has  successfully  been  applied  by  K.  O. 
Chnste,  et  al  as  shown  in  U.S.  Pat.  Nos.  4,108,965: 
4, 1 52,406;  and  4,172.884  to  the  synthesis  of  several  new 
salts.  However,  this  method  it  limited  to  salts  which 
have  the  necessary  solubilities  and  are  stable  in  the 
required  solvent.  The  limitations  of  the  above  two 
methods  are  quite  obvious  and  preempted  the  synthesis 
of  NF4*  salts  of  anion*  which  are  either  insoluble  in 
these  solvents  or  are  derived  from  Lewis  acids  weaker 
than  the  solvent  itself  and  therefore  are  displaced  from 
their  salts  by  the  solvent. 

SUMMARY  OF  THE  INVENTION 

The  limitations  of  the  previously  known  reactions  for 
the  synthesis  of  NF4  ♦  salts  are  overcome  by  the  present 


2 

invention.  It  was  found  that  NF*+  salts  derived  from 
very  weak  sad  volatile  Lewis  icids.  such  as  XeFs 
which  are  weaker  than  the  solvent  itself,  can  be  pre¬ 
pared  by  the  following  method.  A  solid  having  the 
‘  composition  NFsHFj.nHF,  where  n  ranges  from  about 
0.5  to  10,  was  obtained  as  described  by  K.  O.  Chnste  et 
*1  in  Inorganic  Chemistry,  19.  1494  (1980).  Repeated 
treatments  of  NFaHFj.nHF  .with  a  large  excess  of 
XeF«  followed  by  removal  of  the  volatile  products  at 
10  ambient  temperature,  permitted  to  shift  the  following 
equilibrium: 


NF4HF1.11HF  *  X*F,  -  >  NFtXtF-t  *  (it  «.  1,  HF 

quantitatively  to  the  right. 

For  applications,  such  as  solid  propellant  VFj— F; 
gas  generators  for  chemical  HF-DF  lasers,  the 
20  NFj— F:  yields  must  be  as  high  as  possible  and  no  vola¬ 
tile  products  which  would  deactivate  the  excited  spe¬ 
cies  can  be  tolerated.  The  highest  usable  fluorine  con¬ 
tents  theoretically  available  from  the  thermal  decompo¬ 
sition  of  a  previously  known  sufficiently  stable  NF«~ 
23  salt  were  64.6  and  59  9  weight  percent  for  (NFshNiF* 
and  (NFshMnF*.  respectively.  Although  these  fluonne 
yields  are  high,  the  solid  NiFj  and  MnFj  byproducts 
render  their  formulations  difficult  to  burn  and  require 
higher  fuel  levels  thus  reducing  the  practically  obtam- 
30  able  fluorine  yields.  Consequently,  NF«-  salts  decom¬ 
posing  exclusively  to  NFj.  Fj  and  inert  diluents,  such  as 
noble  gaaes  or  nitrogen,  were  highly  desirable.  The  new 
NFsXeFi  salt,  described  in  this  invention,  fulfills  all  of 
these  requirements  and  provides  a  theoretical  usable 
33  fluorine  yield  of  62.9  weight  percent.  On  decomposi¬ 
tion,  it  produces  only  NFj,  Fi  and  men  Xe.  A  further 
increase  in  the  usable  fluonne  yield  to  71.7  weight  per¬ 
cent,  the  highest  presently  known  value,  was  achieved 
by  converting  NFaXeFr  into  (NFajjXeFs  according  to: 
40 

2NF4X«Ft— <NF*)jXeF|  +  XcF» 

This  conversion  was  achieved  bv  irradiating  the  yellow 
NFsXeF7  salt  with  blue  4880  A  light  from  an  Ar  ion 
43  laser.  The  yellow  NFaXeF?  strongly  absorbs  the  blue 
light  and  is  photolytically  decomposed  to  (NFshXeFj 
and  gaseous  XeF*.  Since  (NF«hXeFt  is  white  it  does 
not  absorb  the  blue  light  and  is  not  further  decomposed 
Therefore,  this  invention  also  provides  a  new.  selective. 
J0  laaer-induced.  photolytic  method  for  converting 
NFaXeFj  into  (NFshXcFj.  The  latter  compound  not 
only  provides  the  highest  NFj— F2  yield  of  any  pres¬ 
ently  known  compound,  but  also  gives  the  highest  theo¬ 
retical  detonation  pressures  in  explosive  formulations 
S3  (about  50  kbar  higher  than  corresponding  formulation 
containing  (NFahNiFa). 

Accordingly,  an  object  of  this  invention  is  to  provide 
a  new  compound. 

Another  object  of  this  invention  is  to  provide  new 
40  energetic  NFa*  compositions  which  are  useful  in  explo¬ 
sives,  and  solid  propellants. 

A  further  object  of  this  invention  is  to  provide  NF4* 
compositions  for  solid  propellant  NF3— F2  gas  genera¬ 
tors  for  chemical  HF-DF  lasers  which  deliver  a  maxi- 
U  mum  of  NF)  and  Fj  while  not  producing  any  gases 
which  deactivate  the  chemical  laaer. 

Still  another  object  of  this  invention  is  to  provide  a 
novel  method  of  preparing  new  energetic  compounds 
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These  end  other  objects  of  this  invention  will  become 
sppnreat  from  the  following  detailed  description. 

DETAILED  DESCRIPTION  OF  THE 
INVENTION 

EXAMPLE  1 

Dry  CaF  (13.54  mmol)  and  NF«SbF*  (15.63  mmol) 
were  loaded  in  the  drybox  into  one  half  of  a  prepass¬ 
ivated  Teflon  U  metathesis  apparatus.  Dry  HF  (9  mi 
liquid)  was  added  on  the  vacuum  line  and  the  mixture 
was  stirred  with  a  Teflon-coated  magnetic  stirring  bar 
for  45  minutes  at  25*  C.  After  cooling  the  apparatus  to 

—  78*  C,  it  was  inverted  and  the  NFtHFj  solution  was 
filtered  into  the  other  half  of  the  apparatus.  Mott  of  the 
HF  solvent  was  pumped  off  during  warm  up  from  —  78* 
C.  towards  room  temperature  until  the  first  signs  of 
NF4HF2  decomposition  became  noticeable.  At  this 
point  the  solution  was  cooled  to  - 196*  C.  and  XeF* 
(17.87  mmol)  was  added.  The  mixture  was  warmed  to 
25*  C.  and  stirred  for  12  hours.  Although  most  of  the 
XeFt  dissolved  in  the  liquid  phase,  there  was  some 
evidence  for  undiaaolved  XeF*.  Material  volatile  at  25* 
C.  was  removed  in  a  static  vacuum  and  separated  by 
fractional  condensation  through  traps  kept  at  —  64*  and 

—  196’  C.  Immediately,  a  white  copious  precipitate 
formed  in  the  reactor,  but  disappeared  after  about  10 
minutes  resulting  in  a  clear  colorless  solution.  As  soon 
as  the  first  signs  of  NF4HF2  decomposition  were  noted, 
removal  of  volatiles  was  stopped  and  the  reactor  cooled 
to  — 196*  C.  The  HF  collected  in  the  —  196*  C.  trap  was 
discarded,  but  the  XeF*  collected  in  the  —64*  C.  trap 
was  recycled  into  the  reactor  resulting  in  a  yellow  solu¬ 
tion  at  room  temperature.  This  mixture  was  stirred  at 
25*  C.  for  several  hours,  followed  by  removal  of  the 
material  volatile  at  25*  C.  in  a  dynamic  vacuum.  The 
volatiles  were  separated  by  fractional  condensation 
through  traps  kept  at  —210*,  —126*  and  —64*  C.  and 
consisted  of  NFj  (—0.3  mmol),  HF  (—11  mmol),  and 
XeF*.  respectively.  The  reactor  was  taken  to  the  dry- 
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box  and  the  solid  products  were  weighed.  The  yellow 
filtrate  residue  (5.149  g.  weight  calcd  for  13.54  mmol 
NF*XeF?«5.506  g,  corresponding  to  a  yield  of  93.5 
percent)  consisted  of  NF*XeF?.  and  the  white  filter 
3  cake  (3.78  g.  weight  calcd  for  15.54  mmol  of 
CsSbF*— 3.72  g)  consisted  of  CsSbF*.  The  composition 
of  these  solids  was  confirmed  by  vibrational  and  l9F 
NMR  spectroscopy,  pyrolysis  and  analysis  of  the  pyrol¬ 
ysis  residue  for  NF**'.  Ci-  and  SbF*~.  Based  on  these 
10  results,  the  reaction  product  had  the  following  composi¬ 
tion  (weight  %)■■  NF*XeF?  (98.01),  NF«SbF*  (0.88)  and 
CsSbF*(l.ll). 

The  NF*XeFT  salt  was  identified  by  its  Raman  spec¬ 
trum  which  exhibited  the  bands  characteristics  for 
U  NFs*  (1159,  1149,  (v3),  841,  (v,),  603  (v<),  440  (v2>  and 
XeF?”  (538.  495,  464,  233,  212  cm-1). 

EXAMPLE  2 

A  sample  of  NF*XeF?  was  exposed  at  room  tempera- 
10  ture  for  prolonged  time  to  blue  4880  k  laser  light.  Pho- 
tolytic  decomposition  of  NF*XeF?  occurred  resulting  in 
(NF«hXeFi  formation  (time  of  exposure  depends  upon 
the  intensity  and  power  of  the  light  source) 

25 

2NF«XtF?  MMWAl.>(NF4);XtF,  +•  XeF* 

The  (NF«hXeFs  salt  was  identified  by  its  Raman  spec¬ 
trum  which  exhibited  the  bands  characteristic  for  NF«  * 
30  (1158,  1145,  841,  602,  440  cm-1)  and  XeFs^-  (500,433. 
416,  380,  374  cm-1). 

Obviously  many  modifications  and  variations  of  the 
present  inventioh  are  possible  in  the  light  of  the  above 
teachings.  It  is  therefore  to  be  understood  that  within 
35  the  scope  of  the  appended  claims  the  invention  may  be 
practiced  otherwise  than  as  specifically  described 

What  is  claimed  is: 

1.  NF*XeF?. 
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PERFLUORO AMMONIUM  SALTS 
FLUOROXENON  ANIONS 

This  ipplication  is  a  division  of  application  Ser.  No.  5 
391,786,  filed  June  24,  1983  now  U.S.  Pat.  No. 
4,428,913. 

BACKGROUND  OF  THE  INVENTION 

This  invention  relates  to  energetic  inorganic  salts  and  10 
more  particularly  to  salts  containing  the  NFs+  cation. 

NF4+  salts  are  key  ingredients  for  solid  propellant 
NF3-F2  gas  generators,  as  shown  by  D.  Pilipovich  in 
U.S.  Pat.  No.  3,963,542,  and  for  high  detonation  pres¬ 
sure  explosives,  as  shown  by  K.  O.  Christe  in  U.S.  Pat.  15 
No.  4,207,124.  The  synthesis  of  NFs*  salts  is  unusually 
difficult  because  the  parent  molecule  NFj  does  not  exist 
and  the  salts  must  be  prepared  from  NFj  which  amounts 
formally  to  a  transfer  of  F+  to  NF3  according  to: 

20 

NFj  +  F  +  —  NF4* 

Since  fluorine  is  the  most  electronegative  of  all  ele¬ 
ments,  F+  cannot  be  generated  by  chemical  means. 
This  difficult  synthetic  problem  was  overcome  by  K.  O.  25 
Christe,  et  al  as  shown  in  U.S.  Pat.  No.  3,503,7 19.  By 
the  use  of  an  activation  energy  source  and  a  strong 
volatile  Lewis  acid,  such  as  AsFj,  the  conversion  of 
NF3  and  Fa  to  an  NF4+  salt  become  possible: 

30 

NFj  +  Fj  +  A«Fj  -■— >  NF«+  AiFt- 

However,  only  few  Lewis  acids  are  known  which  pos¬ 
sess  sufficient  strength  and  acidity  to  be  effective  in  this  35 
reaction.  Therefore,  other  indirect  methods  were 
needed  which  allowed  conversion  of  the  readily  acces¬ 
sible  NF«+  salts  into  other  new  salts.  Two  such  meth¬ 
ods  are  presently  known.  The  first  one  involves  the 
displacement  of  a  weaker  Lewis  acid  by  a  stronger  40 
Lewis  acid,  as  shown  by  K.  O.  Christe  and  C.  J.  Schack 
in  U.S.  Pat.  No.  4,172,881  for  the  system: 

NF«BF«  +  PFj— NF*PF*  +  BF, 

45 

but  is  again  limited  to  strong  Lewis  acids.  The  second 
method  is  based  on  metathesis,  i.e.,  taking  advantage  of 
the  different  solubilities  of  NF«+  salts  in  solvents  such 
as  HF  or  BrFj.  For  example,  NFgSbFs  can  be  con¬ 
verted  to  NF4BF4  according  to:  50 


SUMMARY  OF  THE  INVENTION 

The  limitations  of  the  previously  known  reactions  for 
the  synthesis  of  NF«+  salts  are  overcome  by  the  present 
invention.  It  was  found  that  NF4  +  salts  derived  from 
very  weak  and  volatile  Lewis  acids,  such  as  XeF6, 
which  are  weaker  than  the  solvent  itself,  can  be  pre¬ 
pared  by  the  following  method.  A  solid  having  the 
composition  NFaHFj.nHF,  where  n  ranges  from  about 
0.5  to  10,  was  obtained  as  described  by  K.  O.  Christe  et 
al  in  Inorganic  Chemistry,  19,  1494  (1980).  Repeated 
treatments  of  NF4HF2  nHF  with  a  large  excess  of  XeF6 
followed  by  removal  of  the  volatile  products  al  ambient 
temperature,  permitted  to  shift  the  following  equilib- 


NF«SbF4  +  C.BF.  • 


lotubte  RoJubfe 


►  C*SbF*V  +  NF4BF4 


intoiubte  soluble 


This  method  has  successfully  been  applied  by  K.  O. 
Christe,  et  al  as  shown  in  U.S.  Pat.  Nos.  4,108,965; 
4,152,406;  and  4,172,884  to  the  synthesis  of  several  new  60 
salts.  However,  this  method  is  limited  to  salts  which 
have  the  necessary  solubilities  and  are  stable  in  the 
required  solvent.  The  limitations  of  the  above  two 
methods  are  quite  obvious  and  preempted  the  synthesis 
of  NFa+  salts  of  anions  which  are  either  insoluble  in  65 
these  solvents  or  are  derived  from  Lewis  acids  weaker 
than  the  solvent  itself  and  therefore  are  displaced  from 
their  salts  by  the  solvent. 


NF4HF;  nHF-t- XcF4*aNF*XeF7 -Hn  t-  DHF 

quantitatively  to  the  right. 

For  applications,  such  as  solid  propellant  NF3-F2  gas 
generators  for  chemical  HF-DF  lasers,  the  NF3-F2 
yields  must  be  as  high  as  possible  and  no  volatile  prod¬ 
ucts  which  would  deactivate  the  excited  species  can  be 
tolerated.  The  highest  usable  fluorine  contents  theoreti¬ 
cally  available  from  the  thermal  decomposition  of  a 
previously  known  sufficiently  stable  NF«+  salt  were 
64.6  and  59  9  weight  percent  for  (NFshNiFt  and 
(NFahMnFs,  respectively.  Although  these  fluorine 
yields  are  high,  the  solid  N1F2  and  MnFj  byproducts 
render  their  formulations  difficult  to  bum  and  require 
higher  fuel  levels  thus  reducing  the  practically  obtain¬ 
able  fluorine  yields.  Consequently,  NF4+  salts  decom¬ 
posing  exclusively  to  NF3,  F2  and  inert  diluents,  such  as 
noble  gases  or  nitrogen,  were  highly  desirable.  The  new 
NFaXeF?  salt,  described  in  this  invention,  fulfills  all  of 
these  requirements  and  provides  a  theoretical  usable 
fluorine  yield  of  62.9  weight  percent.  On  decomposi¬ 
tion,  it  produces  only  NF3,  F2  and  inert  Xe.  A  further 
increase  in  the  usable  fluorine  yield  to  71.7  weight  per¬ 
cent,  the  highest  presently  known  value,  was  achieved 
by  converting  NFaXeFi  into  (NFahXeFj  according  to: 

2NF»XcF7— <NF4hXeF|  +  XcFt 

This  conversion  was  achieved  by  irradiating  the  yellow 
NFaXeF?  salt  with  blue  4880  A  light  from  an  Ar  ion 
laser.  The  yellow  NFsXeFr  strongly  absorbs  the  blue 
light  and  is  photolytically  decomposed  to  (NFahXeFs 
and  gaseous  XeF6-  Since  (NFahXeFg  is  white  it  does 
not  absorb  the  blue  light  and  is  not  further  decomposed. 
Therefore,  this  invention  also  provides  a  new,  selective, 
laser-induced,  photolytic  method  for  converting 
NFaXeFr  into  (NFxhXeFg  The  latter  compound  not 
only  provides  the  highest  NF3-F2  yield  of  any  presently 
known  compound,  but  also  gives  the  highest  theoretical 
detonation  pressures  in  explosive  formulations  (about  50 
kbar  higher  than  corresponding  formulation  containing 
(NF«)2NiF6) 

Accordingly,  an  object  of  this  invention  is  to  provide 
a  new  compound. 

Another  object  of  this  invention  is  to  provide  new 
energetic  NF4+  compositions  which  are  useful  in  explo¬ 
sives,  and  solid  propellants. 

A  further  object  of  this  invention  is  to  provide  NFg4' 
compositions  for  solid  propellant  NFJ-F2  gas  generators 
for  chemical  HF-DF  lasers  which  deliver  a  maximum  of 
NFjand  F2  while  not  producing  any  gases  w  hich  deac¬ 
tivate  the  chemical  laser 
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Still  another  object  of  thia  invention  is  to  provide  a 
novel  method  of  preparing  new  energetic  compounds. 

These  and  other  objects  of  this  invention  will  become 
apparent  from  the  following  detailed  description. 

DETAILED  DESCRIPTION  OF  THE 
INVENTION 

Example  1 

Dry  CsF  (15.54  mmol)  and  NF*SbF6  (15.65  mmol) 
were  loaded  in  the  drybox  into  one  half  of  a  prepass¬ 
ivated  Teflon  U  metathesis  apparatus.  Dry  HF  (9  ml 
liquid)  was  added  on  the  vacuum  line  and  the  mixture 
was  stirred  with  a  Teflon-coated  magnetic  stirring  bar 
for  45  minutes  at  25*  C.  After  cooling  the  apparatus  to 
—78*  C.,  it  was  inverted  and  the  NF4HF2  solution  was 
filtered  into  the  other  half  of  the  apparatus.  Most  of  the 
HF  solvent  was  pumped  ofT during  warm  up  from  —78* 
C.  towards  room  temperature  until  the  first  signs  of 
NF4HF2  decomposition  became  noticeable.  At  this 
point  the  solution  was  cooled  to  — 196*  C.  and  XeFs 
(17.87  mmol)  was  added.  The  mixture  was  wanned  to 
25*  C.  and  stirred  for  12  hours.  Although  most  of  the 
XeF6  dissolved  in  the  liquid  phase,  there  was  some 
evidence  for  undissolved  XeF6.  Material  volatile  at  25* 
C.  was  removed  in  a  static  vacuum  and  separated  by 
fractional  condensation  through  traps  kept  at  —64*  and 
— 196*  C.  Immediately,  a  white  copius  precipitate 
formed  in  the  reactor,  but  disappeared  after  about  10 
minutes  resulting  in  a  clear  colorless  solution.  As  soon 
as  the  first  signs  of  NF4HF2  decomposition  were  noted, 
removal  of  volatiles  was  stopped  and  the  reactor  cooled 
to  — 196*  C.  The  HF  collected  in  the  — 196*  C.  trap  was 
discarded,  but  the  XeF6  collected  in  the  —64*  C.  trap 
was  recycled  into  the  reactor  resulting  in  a  yellow  solu¬ 
tion  at  room  temperature.  This  mixture  was  stirred  at 
25*  C.  for  several  hours,  followed  by  removal  of  the 
material  volatile  at  25*  C.  in  a  dynamic  vacuum.  The 
volatiles  were  separated  by  fractional  condensation 
through  traps  kept  at  —210*,  —126’  and  —64*  C.  and 
consisted  of  NFj  (—0.3  mmol),  HF  (—11  mmol),  and 
XeFfc  respectively.  The  reactor  was  taken  to  the  dry- 
box  and  the  solid  products  were  weighed.  A  yellow 
filtrate  residue  (5.149  g,  weight  calcd  for  15.54  mmol 


NF«XeF7= 5.506  g,  corresponding  to  a  yield  of  93.5 
percent)  consisted  of  NF*XeF7,  and  the  white  filter 
cake  (5.78  g,  weight  calcd  for  15.54  mmol  of 
CsSbFs  =  5.72  g)  consisted  of  CsSbF*.  The  composition 
5  of  these  solids  was  confirmed  by  vibrational  and  ,9F 
NMR  spectroscopy,  pyrolysis  and  analysis  of  the  pyrol¬ 
ysis  residue  for  NF«+,  Cs+  and  SbF6-.  Based  on  thes 
results,  the  reaction  product  had  the  following  composi¬ 
tion  (weight  %):  NF4XeF7  (98.01),  NF4SbF6  (0.88)  and 
10  CsSbFs(l.ll). 

The  NFiXeF?  salt  was  identified  by  its  Raman  spec¬ 
trum  which  exhibited  the  bands  characteristics  for 
NF4+(1 159,1 149,  (vj),  841,  (vi),  603  (v«).  440  (V2)  and 
XeF7-  (558,  495,  464,  233.  212  cm-'). 

15 

EXAMPLE  2 

A  sample  of  NF«XeF7  was  exposed  at  room  tempera¬ 
ture  for  prolonged  time  to  blue  4880  A  laser  light.  Pho- 
tolytic  decomposition  of  NF^XeF?  occurred  resulting  in 
20  (NF4)2XeFj  formation  (time  of  exposure  depends  upon 
the  intensity  and  power  of  the  light  source) 


2NFtXeF?  2ZESZ121.  (NF4)2XeF1  +  XcFt 

The  (NFshXeFs  salt  was  identified  by  its  Raman  spec¬ 
trum  which  exhibited  the  bands  characteristic  for  NF*+ 
(1 158,  1 145,  841,  602,  440  cm  - ')  and  XeFg*-  (500,  433, 
416,  380,  374  cm-'). 

Obviously  many  modifications  and  variations  of  the 
present  invention  are  possible  in  the  light  of  the  above 
teachings.  It  is  therefore  to  be  understood  that  within 
the  scope  of  the  appended  claims  the  invention  may  be 
practiced  otherwise  than  as  specifically  described. 

We  claim: 

1.  (NFafcXeF,. 

2.  A  method  of  preparing  (NF«)2XeFj  comprising  the 
following  steps  in  order: 

(1)  exposing  NF«XeF7  to  a  blue  4880  A  laser  light 
source  until  photolytic  decomposition  of  NF*XeF7 
occurs  resulting  in  (NF^XeFs  formation,  and 

(2)  isolating  the  product  (NF4)2XeFs. 
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SYNTHESIS  OF  PENTAFLUOROTELLURIUM 
HYPO  FLUORITE 

STATEMENT  OF  GOVERNMENT  INTEREST  5 

The  invention  described  herein  m»y  be  manufactured 
and  used  by  or  for  the  Government  for  governmental 
purposes  without  the  payment  of  any  royalty  thereon. 

BACKGROUND  OF  THE  INVENTION  10 

This  invention  relates  to  hypofluorite  compounds  and 
to  a  novel  method  for  their  preparation.  In  a  more  par¬ 
ticular  aspect,  this  invention  concerns  itself  with  a  novel 
route  for  effecting  the  synthesit  of  pentafluorotellurium  (5 
hypofluorite  (TeFjOF)  using  fluorine  fluorosulfate  as  a 
reaction  component. 

Hypofluorite  compounds  are  well  known  and  find 
utility  for  a  wide  variety  of  industrial  applications.  They 


Still  another  object  of  this  invention  is  to  provide  a 
method  for  synthesizing  the  novel  compound,  penta- 
fluorotcllurium  hypofluorite. 

The  above  and  still  other  objects  and  advantages  of 
the  present  invention  will  become  more  readily  appar¬ 
ent  upon  consideration  of  the  following  detailed  de¬ 
scription  thereof. 

DESCRIPTION  OF  THE  PREFERRED 
EMBODIMENTS 

Pursuant  to  the  above-defined  objects,  the  present 
invention  is  brought  into  efTect  by  accomplishing  a 
reaction  between  CsTeFjO  and  FOSOjF  within  a 
closed  environment  at  temperatures  ranging  from  about 
- 10’  to  -45'  C.  The  known  methods  for  preparing 
hypofluorites  are  quite  limited  and  attempts  at  using 
these  previously  known  methods  for  producing  the 
hitherto  unknown  TeFjOF  have  not  been  successful. 
For  example,  the  fluorination  of  either  CsTeFjO  or 


are  particularly  useful  as  fluonnating  agents  for  intro-  »  KTeFjO  with  Fj  at  -45’  to  - 10’  C.  resulted  only  in 


ducing  fluorine  atoms  into  another  compound,  and  as  the  formation  of  TeFs-  However,  with  the  present  in- 
intermediales  in  synthetic  reactions.  At  the  present  vention,  it  was  found  that  a  fairly  high  yield  synthesis  of 

time,  however,  there  is  no  simple  and  convenient  pro-  TeFsOF  could  be  accomplished  by  reacting  CsTeFsO 

cess  for  producing  these  compounds.  Until  recently,  the  with  FOSOjF  at  temperatures  ringing  from  about 

number  of  elements  known  to  form  hypofluorites  was  23  _  |0’  to  -4S’  C.  This  reaction  is  illustrated  by  the 
limited  to  the  nonmetal  main  group  elements  of  hydro-  following  general  equation: 
gen,  carbon,  nitrogen,  oxygen,  sulfur,  selenium,  fluorine 

and  Chlorine.  aT.FiO-FOSOiF-CsSOiF-T.FsOF  (II 

Generally,  the  method  used  heretofore  for  the  syn¬ 
thesis  of  these  hypofluorites  involved  the  fluonnation  of  30  This  novel  reaction  represents  a  new  synthetic  route  to 

-  I-*™*'  « **  "■«*' 


salts  with  elemental  fluorine  An  attempt  was  made  by 
Seppelt  et  al.  Inorg  Chem.  1913.  12.  2727,  to  apply  this 
method  to  the  synthesis  of  the  hitherto  unknown  TeF- 


the  preparation  of  hypofluorite  compounds  Based  on 
the  general  usefulness  of  the  analogous  ClOSOzF  rea¬ 
gent  for  the  syntheses  of  hypochlorites,  it  would  appear 
that  FOSOjF  will  become  a  similarly  useful,  versatile 


methodto  the  synthesis  o.  the  n.tnerto  unknown  icr-  synthesis  of  hypofluorite 

jOF  The  attempt  was  unsuccessful.  An  analogous  •  ,  6 


method,  however,  proved  fruitful  in  synthesizing  TeF- 
jOCI  which  led  to  the  conclusion  that  TeFjOF  is  unsta¬ 
ble  or  actually  nonexistant  Additionally,  further  re¬ 
search  efforts,  as  reported  by  Christe  et  al,  Inorg  ^ 
Chem.,  1981,  20.  2104,  proved  to  be  successful  in  syn¬ 
thesizing  a  stable  iodine  hypofluorite  with  the  observa¬ 
tion  that  hypofluorites  are  generally  more  stable  than 
the  other  hypohalites  and  the  suggestion  that  TeFjOF 
should  exist  and  should  also  be  stable. 

In  line  with  the  observations  noted  above,  additional 
experimental  efforts  proved  successful  and  a  novel 
method  for  synthesizing  TeFjOF  was  discovered.  It 
was  found  that  the  hitherto  unknown  TeFjOF  com¬ 
pound  could  be  produced  in  stable  form  and  in  rela-  yg 
lively  high  yield  by  a  process  which  provided  for  the 
use  of  fluorine  fluorosulfate  as  the  fluorinatmg  agent. 

SUMMARY  OF  THE  INVENTION 


compounds. 

When  the  synthesis  of  TeFjOF  from  CsTeFjO  and 
FOSOjF  was  carried  out  above  —45"  C.,  the  amount  of 
TeFs  by-product  sharply  increased.  For  example,  at 
40  -  10’  C.  and  with  a  reaction  time  of  7  days,  the  TeFs  to 
TeFjOF  ratio  in  the  product  increased  to  I  I  The  use 
of  an  excess  of  CsTeFjO  in  this  reaction  was  found 
advantageous  for  the  product  purification  since  it  elimi¬ 
nated  the  need  for  separating  TeFjOF  from  FOSOjF 
43  The  reaction  scheme  for  synthesizing  the  novel  TeF¬ 
jOF  compound  of  this  invention  is  further  illustrated 
with  greater  specificity  by  Example  I  which  follows 


WIHVV  IV  *  v.  yw.  —  — -  — - -  CVaUOI  C  I 

as  found  that  the  hitherto  unknown  TeFjOF  com-  EXAMFLt  I 

ound  could  be  produced  in  stable  form  and  in  rela-  jg  a  30  ml  stainless  steel  Hoke  cylinder  was  loaded  with 
vely  high  yield  by  a  process  which  provided  for  the  CsTeFjO  (3.42  mmol)  in  the  glove  box  After  evacua- 

se  of  fluorine  fluorosulfate  as  the  fluorinating  agent.  tjon  and  cooling  of  the  cylinder  to  —  196’  C  .  FOSOjF 

SUMMARY  OF  THE  INVENTION  <2  79  mm0l)  w“  ldded  fr0m  ,he  v*cuum J.in«  ^ 

SUMMARY  OF  THE  IN  t  U  closed  cylinder  was  slowly  warmed  to  -78  C  in  a 

The  present  invention  concerns  itself  with  a  novel  yy  liquid  nitrogen-COz  slush  bath  and  finally  kept  at  -45’ 


method  for  synthesizing  hypofluorites  by  utilizing  fluo¬ 
rine  fluorosulfate  as  a  fluorinating  agent  The  method  of 
this  invention  proved  successful  in  synthesizing  in  high 
yield  the  novel  compound,  pentafluorotellurium  hypo- 


C  for  9d  Upon  recooling  to  —  196'  C  about  4-5  cm3of 
noncondensable  gas  was  observed  to  be  present  This 
was  pumped  away  and  the  condensable  products  were 
separated  by  fractional  condensation  in  a  senes  of  U- 

■  1  _ tru*  Tv  -  TO  • 


fluorite  Synthesis  is  achieved  by  effecting  a  reaction  go  traps  cooled  at  -78’,  -  126’.  and  -  196’  C  The  -78 


between  CsTeFjO  and  FOSOjF  al  relatively  low  tem¬ 
peratures. 

Accordingly,  the  primary  object  of  this  invention  is 
to  provide  a  novel  method  for  synthesizing  hypofluorite 
compounds 

Another  object  of  this  invention  is  to  provide  a 
method  for  synthesizing  hypofluonte  compounds  that 
utilizes  fluonne  fluorosulfate  as  a  fluonnating  agent 


C  fraction  was  TeFjOH  (0  19  mmol)  while  the  —  196’ 
C  fraction  was  TeFt  (0.49  mmol) 

A  while  solid  was  retained  at  -126'  C  which 
changed  to  a  colorless  glass  and  melted,  over  a  range  of 
65  a  few  degrees,  near  -80*  C  to  a  clear,  colorless  liquid. 
This  material  was  identified  as  TeFjOF  (1  91  mmol. 
68%  yield)  based  on  its  \  apor  density  molecular  weight, 
found.  256  2,  calc  .  257  6  g'mol  Further  identification 
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wax  baaed  on  its  spectroscopic  properties  and  on  the 
preparation  of  derivatives.  The.observed  weight  loss  of 
the  solid  (0.373  g)  agreed  well  with  that  calculated 
(0.389  g)  for  the  conversion  of  2.79  mmol  CsTeFjO  to 
CsSOjF.  Vapor  pressure-temperature  data  of  TeFjOF  5 
were  measured:  T*C..  Pmm;  -79.3,  16;  -64.2,  43. 
-57.6,  63;  -46.9,  108;  -32.5,  210,  -23.0,  312. 

The  TeFjOF  compound  of  Example  I  is  colorless  as 
a  gas  and  liquid.  Its  vapor  pressure-temperature  rela¬ 
tionship  for  the  range  —79*  to  —23*  C.  is  given  by  the  10 
equation 

k>S  P»«, -6.9022-  I I0I  2/T-R. 

The  extrapolated  boiling  point  is  0.6*  C.  The  derived 
heat  of  vaporization  is  H^-3039  cal  mol-'  and  the  is 
Trouton  constant  is  18.4  indicating  little  or  no  associa¬ 
tion  in  the  liquid  phase.  Vapor  density  measurements 
showed  that  in  the  gas  phase  the  compound  is  also  not 
associated.  A  sharp  melting  point  for  TeFjOF  was  not 
observed  because  the  samples  showed  a  tendency  to  20 
form  a  glass  near  —  80*  C.  The  compound  appears  to  be 
completely  stable  at  ambient  temperature  and  has  been 
stored  in  stainless  steel  cylinders  for  more  than  four 
months  without  any  sign  of  decomposition. 

The  mass  spectrum  of  TeFjOF  is  listed  in  Table  I  25 
together  with  the  spectra  of  TeFjOCl  and  TeFjOH 
which  were  measured  for  comparison.  All  of  the  listed 
fragments  showed  the  characteristic  tellurium  isotope 
pattern  and  therefore  the  individual  m/e  listings  were 
omitted  for  simplicity.  The  spectra  of  all  three  com-  30 
pounds  show  weak  parent  ions  and  TeFj+  as  the  base 
peak. 

_ TABLE  I _ 

MASS  SPECTRUM  OF  TeFjC F  COMPARED  TO  THOSE  ,3 

_ OF  TcF'OCI  AND  TtFQH _ 
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TABLE  Il-continued 

VIBRATIONAL  SPECTRA  OF  TeFjOF 

Med  Iren,  cm~  sad  ref  u»iei»* _ 

_ Ragan _ 
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The  vibrational  spectra  of  TeFjOF  can  be  readily 
assigned  as  shown  in  Table  III  assuming  a  model  with 
C«,  symmetry  for  the  TeFjO  part  and  C,  symmetry  for 
the  TeOF  part  of  the  molecule. 
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Except  for  the  symmetric  out  of  phase,  out  of  plane 
TeF*  deformation  mode  in  species  Bi  which  is  usually 
observed  for  pseudo-octahedral  molecules  and  is  inac¬ 
tive  under  Os  symmetry,  all  fundamentals  expected  for 
the  above  C-*»— C,  model  were  observed  Using  the 
well  established  assignments  of  TeFjCl.  the  assignments 
(see  Table  III)  are  straight  forward  and  show  for  the 
two  molecules  almost  identical  frequencies  for  the 
TeF}  part  of  the  molecules.  The  weak  band  observed  at 
about  906  cm  - 1  in  both  the  infrared  and  Raman  spectra 
is  characteristic  for  the  OF  stretching  vibrations  in 
hypofluorites. 

_ TABLE  111 _ 

Vibration*!  Spectra  of  TeFjOF  and  ibeir 
Atttwtncnt  Compared  lo  Those  of  TeFjC) 

obsd  freq.  cm"  *,  »nd  rcl  miens* 


The  infrared  spectra  of  gaseous  and  of  neon  matrix 
isolated  TeFjOF  and  the  Raman  spectra  of  liquid  and 
solid  TeFjOF  were  recorded  and  the  observed  frequen¬ 
cies  are  summarized  in  Table  11. 

_ TABLE  11 _ 

VIBRATIONAL  SPECTRA  OF  TeFiOF  55 

obtd  freo.  cm~  *.  and  ret  intern* 

_ Raman _ 


IR 

Ne  mams 

liquid 
-55*  C. 

solid 

- 1 10#  C 

assignment 

Bi 

1600  vw 

2v|j 

to 

1449  vw 

2v, 

Bj 

1402  w 

vj  *►  vg 

901  vw 

903(0  «)p 

904(0X1 

*12 

E 

/  731' v. 

721  sh  dp 

725  sh 

721  \ 

\  727  vs 

721(1  Dp 

721(1.2) 

*! 

65 

impurity1 


approx  descrip¬ 
tion  of  mode 


vj  vTeF 

V2  v,TeF* 

vj  vTeX 

vg  6, TeF* 

vj  v,TeF* 

v*  STeFg 
%n  6$n u  TeFd 

V|  v«,  TeF« 
v*  vFTeFg 
vio  SXTeF* 
vn  *«,  TeF* 


TeF?Cl 

RA 


Cj _  TeFjOF 

RA  IR  (gas.  RA 

(liquid)  matrix)  (liqui 


FF-3 


3 


4,462,975 


r 


"  ■TW  V.  »T  V 


TABLE  Ill-continued 


Vibrational  Spectra  of  TeFjOF  and  tlteir 
Aaai uiment  Compared  to  Thoae  of  TeFaCl 
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In  preparing  and  testing  the  novel  hypofluorite  com¬ 
pound  of  this  invention,  the  volatile  materials  were 
manipulated  in  a  stainless  steel  vacuum  line  equipped 
with  Teflon  FEP  (a  polyperfluoroethylene  propylene 
copolymer)  U  traps  and  316  stainless  steel  bellows-seal 
valves  and  a  Heise  Bourdon  tube-type  pressure  gauge. 
Telluric  acid  was  prepared  by  the  literature  method  of 
Mathers  et  al,  lnorg.  Syn.,  1930,  3,  143,  and  also  pur¬ 
chased  from  Cerac,  Inc.,  and  from  Pfaltz  and  Bauer. 
Fluorosulfuric  acid  obtained  from  Allied  was  used  both 
as  received  flight  brown  color)  and  after  distillation  to 
obtain  the  clear  colorless  material.  The  fluorine  fluoro- 
sulfate  was  synthesized  as  described  by  Dudley  et  al,  J. 
Am.  Chem.  Soc.  1956,  78,  290.  The  reaction  ofTeFjOH 
with  either  ClOSOjF  or  CIF  was  used  to  prepare  TeF- 
sOCl.  Cesium  and  potassium  chloride  were  oven  dried, 
then  cooled  and  powdered  in  the  dry  Nj  atmosphere  of 
a  glove  box. 

Infrared  spectra  were  recorded  in  the  range  4000-200 
cm-1  on  a  Perkin-Elmer  Model  283  spectrophotometer 
calibrated  by  comparison  with  standard  gas  calibration 
points,  and  the  reported  frequencies  are  believed  to  be 
accurate  to  ±2  cm-'.  The  spectra  of  gases  were  ob¬ 
tained  using  either  a  Teflon  cell  of  3-cm  path  length 


20 


23 


30 


35 


40 
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equipped  with  AgCI  windows  or  a  10-cm  stainless  steel 
cell  equipped  with  polyethylene  windows  which  were 
seasoned  with  ClFj.  The  spectra  of  matrix  isolated  TeF- 
jOF  and  TeFjOCl  were  obtained  at  6K  with  an  Air 
Products  Model  DE202S  helium  refrigerator  equipped 
with  Csl  windows.  Research  grade  Ne(Matheson)  was 
used  as  a  matrix  material  in  a  mole  ratio  of  400:1. 

The  Raman  spectra  were  recorded  on  a  Cary  Model 
83  spectrophotometer  using  the  488  nm  exciting  line  of 
an  Ar-ion  laser  and  a  Claaasen  filter  for  the  elimination 
of  plasma  lines.  Quartz  tubes  (3  mm  o.d.),  closed  by  a 
metal  valve,  were  used  as  sample  containers  in  the  trans¬ 
verse-viewing,  transverse-excitation  technique.  A  de¬ 
vice  described  in  Miller  et  al,  Appl.  Spectrosc.  1970,  24, 
271  was  used  for  recording  the  low-temperature  spec¬ 
tra.  Polarization  measurements  were  carried  out  by 
method  VIII  as  described  by  Claassen  et  al  in  J.  Appl. 
Spectrosc.  1969,  23.  8. 

From  an  examination  of  the  above,  it  can  be  seen  that 
the  FOSOjF  is  a  useful  reagent  for  the  synthesis  of 
hypofluorites.  Furthermore,  it  is  shown  that  TeFsOF, 
as  expected  from  comparison  with  TeFsOCI,  TeFjOBr 
and  FOIFaO,  indeed  exists  and  is  a  stable  molecule. 

What  is  claimed  is: 

1  The  compound  pentafluorotellurium  hypofluorite. 

2.  A  method  for  synthesizing  pentafluorotellurium 
hypofluorite  which  comprises  the  steps  of: 

(a)  effecting  a  reaction  between  (I)  CsTeFjO  and  (2) 
FOSO:F  at  a  temperature  between  about  —45’  to 
- 10*  C.; 

(b)  continuing  said  hypofluorite  reaction  at  said  tem¬ 
perature  for  a  period  of  time  sufficient  to  prepare  a 
pentafluorotellurium  reaction  product;  and 

(c)  separating  said  reaction  product. 

3.  A  method  in  accordance  with  claim  2  wherein  said 
temperature  is  about  -45"  C. 

4.  A  method  in  accordance  with  claim  2  wherein  said 
period  of  time  is  about  nine  days. 

•  •  •  •  • 
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METHOD  FOR  INTRODUCING  FLUORINE  INTO 
AN  AROMATIC  RING 

STATEMENT  OF  GOVERNMENT  INTEREST  5 

The  invention  described  herein  may  be  manufactured 
and  used  by  or  for  the  Government  for  governmental 
purposes  without  the  payment  of  any  royalty  thereon. 
This  is  a  division  of  application  Ser.  No.  343,033,  filed 
Jan.  27.  1982,  now  U  S.  Pat.  No.  4,423,260.  10 

FIELD  OF  THE  INVENTION 

This  invention  relates  to  fluorocarbons  and  to  a  novel 
method  for  their  synthesis.  In  a  more  particular  aspect, 
this  invention  concerns  itself  with  a  novel  method  for 
introducing  a  fluorine  atom  into  an  aromatic  ring. 

Aromatic  fluorocarbons  are  a  well  known  class  of 
chemical  compounds  that  find  wide  utility  for  a  variety 
of  industrial  applications  and  in  the  fabrication  of  vari¬ 
ous  commercial  products.  They  are  useful  as  solvents,  20 
electrical  fluids,  heat  transfer  fluids  and  as  components 
in  the  manufacture  of  resins,  waxes,  greases  and  oils. 
However,  presently  known  methods  for  synthesizing 
such  compounds  by  introducing  a  fluorine  atom  into  an 
aromatic  ring  structure  are  severely  limited.  25 

The  classic  Balz-Schiemann  reaction,  for  example, 
and  methods  such  as  the  decarboxylation  of  flurofor- 
mates  are  useful  for  the  introduction  of  a  single  fluorine 
atom,  but  are  generally  less  useful  for  multiple  fluorine 
substitution.  The  use  of  elemental  fluorine  or  electro-  30 
chemical  fluorination  methods  result  mainly  in  addition 
and  not  in  substitution.  Halogen  fluorides,  such  as  ClFj, 
BrFj.or  IFs,  produce,  in  addition  to  fluorine  substituted 
compounds,  large  amounts  of  the  corresponding  halo¬ 
gen  substituted  -oompoands  and  also  some  addition  33 
products.  The  yield  of  substitution  products  obtainable 
with  halogen  fluorides  can  be  improved  by  the  use  of 
strong  Lewis  acids.  However,  the  extreme  reactivity  of 
the  resulting  compounds,  such  as  ClFj+  BF«~  or 
ClFj+  SbFf,  makes  control  of  their  reactions  with  40 
organic  compounds  extremely  difficult  and  unsafe  The 
utilization  of  transition  metal  fluorides,  such  as  CoFjor 
CeF«  results  in  addition  and  saturation,  requiring  subse¬ 
quent  rearomatisation.  Therefore,  this  method  is  limited 
to  highly  or  pcrhalogensted  aromatics.  Pyrolysis  of  43 
aliphatic  fluorocarbons,  such  as  CFBrj,  can  also  pro¬ 
duce  fluoroaromatics.  However,  this  method  is  limited 
again  to  the  synthesis  of  perfluorinaied  aromatics.  Halo¬ 
gen  exchange  reactions,  such  as  Cl  versus  F,  using  HF, 
alkali  metal  or  metal  fluorides  are  useful,  but  are  re-  30 
stricted  to  systems  strongly  activated  towards  nucleo¬ 
philic  attack  by  fluoride  ion.  Hypofluorites,  such  as 
CFjOF.  are  useful  for  electrophilic  and  photolytic  fluo- 
rinations  The  electrophilic  fluonnations  are  limited 
again  to  activated  aromatics,  whereas  the  free  radical  33 
photolytic  fluonnations  often  lack  selectivity  resulting 
in  — OCFj  substituted  by-products  and  side  chain  fluo¬ 
rination  The  xenon  fluorides  and  especially  XeF;  are 
promising  reagents  for  electrophilic  aromatic  substitu¬ 
tion.  but  the  full  extent  of  their  usefulness  is  still  un-  60 
known.  The  limited  availability  of  xenon,  its  high  price, 
and  the  treacherous  explosiveness  of  their  hydrolysis 
product,  Xeo3.  are  drawbacks  curtailing  its  extensive 
use 

The  above  listing  of  some  of  the  known  methods  of  63 
preparing  aromatic  fluorine  compounds,  although  not 
extensive,  clearly  illustrates  the  problems  prevalent  in 
this  area  of  technology  and  points  out  the  need  for  a 


2 

reliable,  readily  available  and  economically  feasible 
reagent  for  accomplishing  the  electrophilic  fluorine 
substitution  of  aromatic  ring  compounds.  Therefore,  a 
research  effort  was  undertaken  in  an  attempt  to  satisfy 
the  need  for  a  generally  usable  reagent. 

In  theory,  the  ideal  reagent  for  electrophilic  substitu¬ 
tion  would  be  a  salt  containing  the  F+  cation.  Unfortu¬ 
nately,  such  salts  do  not  exist.  As  an  alternative,  salts 
containing  complex  fluoro  cations  of  the  type  XF(,+  »+ 
could  be  used.  However,  to  be  a  strong  electrophile, 
such  a  cation  should  possess  high  electronegativity. 
Since  highly  electronegative  fluorine  compounds  gen¬ 
erally  are  very  strong  oxidizers,  most  of  these  cations 
react  too  violently  with  organic  compounds  to  be  of 
practical  interest.  As  a  consequence,  the  research  effort 
referred  to  above  proved  to  be  unsuccessful.  Additional 
research,  however,  proved  to  be  fruitful  and  culminated 
in  the  discovery  that  the  NF«4  cation  constitutes  an 
exception  to  the  general  rule  that  such  cations  react  too 
violently  with  organic  compounds.  As  a  result  of  the 
present  invention,  therefore,  it  was  found  that  aromatic 
ring  compounds,  such  as  benzene,  toluene,  and  nitro¬ 
benzene,  interact  rapidly  with  NF«BF«  in  anhydrous 
HF  to  give,  almost  exclusively,  fluorine  substituted 
aromatic  derivatives. 

SUMMARY  OF  THE  INVENTION 

The  present  invention  concerns  itself  with  a  method 
for  introducing  fluorine  into  an  aromatic  ring  structure 
by  using  NF4BF4  as  a  reaction  reagent.  The  introduc¬ 
tion  is  accomplished  by  an  electrophilic  substitution 
reaction  in  which  up  to  five  hydrogen  atoms  in  the 
aromatic  ring  can  be  substituted  by  fluorine  atoms.  The 
reaction  can  be  carried  out  by  either  adding  the  aro¬ 
matic  compound,  such  as  benzene  in  vapor  form,  to  a 
cooled  solution  of  NF«BF«  in  HF  or,  alternatively,  by 
adding  slowly  a  solution  of  NF4BF4  to  a  solution  of 
benzene  in  HF. 

Accordingly,  the  primary  object  of  this  invention  is 
to  provide  a  novel  xethod  for  introducing  a  fluorine 
atom  into  an  aromatic  ring  structure. 

Another  object  of  this  invention  is  to  provide  a 
method  for  substituting  fluorine  atoms  for  the  hydrogen 
atoms  in  an  aromatic  ring  structure. 

Still  another  object  of  this  invention  is  to  provide  for 
the  synthesis  of  fluorine  containing  aromatic  ring  com¬ 
pounds  by  effecting  a  reaction  between  a  non-fluonne 
containing  aromatic  compound  and  salts  containing  an 
NF44  cation. 

A  further  object  of  this  invention  is  to  provide  a 
method  for  introducing  a  fluorine  atom  into  an  aromatic 
ring  by  using  NF4BF4as  a  reaction  reagent  in  the  elec¬ 
trophilic  substitution  of  a  fluorine  atom  for  a  hydrogen 
atom  in  an  aromatic  ring  structure. 

The  above  and  still  further  objects  and  advantages  of 
the  present  invention  will  become  more  readily  appar¬ 
ent  upon  consideration  of  the  following  detailed  de¬ 
scription  thereof. 

DETAILED  DESCRIPTION  OF  THE 
PREFERRED  EMBODIMENT 

Pursuant  to  above-defined  objects,  the  present  inven¬ 
tion  concerns  itself  with  a  novel  method  for  introducing 
fluorine  atoms  into  an  aromatic  ring  compound  through 
the  electrophilic  substitution  of  a  hydrogen  atom  by  a 
fluorine  atom  The  known  methods  for  introducing 
fluorine  into  an  aromatic  nng  are  quite  limited  and  are 
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often  not  generally  applicable.  A  widely  applicable 
reagent  for  carrying  out  ejectrophilic  substitution  reac¬ 
tions  on  aromatic  ring  systems,  therefore,  would  be 
highly  desirable.  As  a  result,  a  concentrated  research 
effort  was  undertaken  based  on  the  hypothesis  that  the  5 
use  ofNF4+  ion  containing  salts  in  this  regard  would  be 
promising.  A  continued  investigation  of  aromatic  hy¬ 
drocarbon  reactions  with  NFs*  ion  containing  species 
confirmed  the  hypothesis.  It  was  found  that  a  reaction 
between  an  aromatic  hydrocarbon  ring  compound,  such  to 
as  benzene,  toluene  or  nitrobenzene  with  an  NF«*  salt 
accomplished  the  substitution  of  up  to  five  hydrogen 
atoms  in  the  aromatic  ring  by  fluorine  atoms. 

Hydrogen  fluoride  was  used  as  a  solvent  because  of 
the  high  solubility  of  NF«+  salts  in  it  and  also  because  u 
the  diluent  and  heat  dissipation  properties  of  a  solvated 
system  were  found  to  be  beneficial  in  the  anticipated 
vigorous  fluorination.  As  stated  hereinbefore,  the  reac¬ 
tion  was  carried  out  by  either  adding  benzene  vapor  to 
a  cooled  solution  of  NF4BF4  in  HF  or  by  adding  slowly  20 
a  solution  of  NF4BF4  to  a  solution  of  benzene  in  HF.  On 
contact  gas  evolution  was  noted.  When  rapid  addition 
occurred  some  apparent  charring  occurred.  The  step¬ 
wise  substitution  of  H  by  F  was  observed  according  to 
the  following  general  equation:  25 

■1NF.BF4  +  C4H4-HE->C4H4_,F.  +  nNFj  +  nBFj  +  aHF  ^ 

(when  a  -  1-5)  „ 
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with  Teflon  FEP  U  traps,  3 1 6  stainless  steel  bellows  seal 
valves  and  s  Heise  Bourdon  tube-type  pressure  gauge. 
Hydrogen  fluoride  work  was  carried  out  in  an  all  Monel 
and  Teflon  vacuum  system.  Transfers  outside  the  vac¬ 
uum  line  were  carried  out  in  a  drybox.  Infrared  spectra 
were  obtained  using  3  cm  path  stainless  steel  cells  with 
AgCl  windows  and  a  PE  Model  283  spectrophotome¬ 
ter.  Mass  spectra  were  measured  with  an  EA1  Quad  300 
quadrupole  spectrometer  and  **F  and  >H  nmr  spectra 
were  determined  with  a  Varian  EH 3 90  spectrometer 
operating  at  84.6  and  90  MHz,  using  CFO)  or  TMS  as 
internal  standards,  respectively.  Positive  chemical  shifts 
are  upfield  from  CFCj  and  downfield  from  TMS. 
Raman  spectra  were  recorded  on  a  Cary  Model  83 
using  the  4880  A  exciting  line.  Gas  chromatographic 
data  were  obtained  using  a  Varian  Aerograph  GC  with 
a  thermal  conductivity  detector  under  isothermal  con¬ 
ditions  (135*)  with  a  stainless  steel  column  (i"  X  10') 
packed  with  Poropak  PS.  For  the  GC  determination  of 
the  quantitative  composition  of  mixtures,  uncorrected 
peak  areas  were  used  since  response  factors  were  not 
available  for  all  compounds.  The  solid  NF4BF4  was 
prepared  from  NFj — F2— BFjat  low  temperature  using 
UV  activation,  which  gives  analytically  pure  material. 

The  simplest  aromatic  hydrocarbon  studied  in  the 
previously  referred  to  research  effort  was  benzene. 
With  NF4+  substrate  mole  ratios  of  about  three,  up  to 
five  hydrogens  were  substituted  by  F  as  shown  in  the 
following  generalized  equation. 


The  evolved  gas  was  removed  under  vacuum  and 
trapped  at  —196*  C.  It  was  found  to  be  NFj  and  the 
amount  corresponded  to  that  expected  on  the  basis  of 
one  mole  of  NF3  per  mole  of  NF4BF4-  Hexafluoroben- 
zene  was  not  observed  although  all  other  substitution  35 
products  from  mono-to-penta-fluorobenzene  were  ob¬ 
tained.  Almost  no  saturated  or  partially  saturated  fluo¬ 
rocarbons  were  produced  which  makes  this  process  of 
special  interest  in  generating  aromatic  fluorocarbons 
directly  from  their  hydrocarbon  analogues.  * 

The  benzene,  toluene,  and  nitrobenzene  reactants 
interacted  rapidly  with  NF4BF4  in  anhydrous  HF  to 
give,  almost  exclusively,  fluorine  substituted  aromatic 
derivatives.  With  benzene,  up  to  five  hydrogens  were 
replaced,  while  a  maximum  of  four  hydrogens  were  45 
displaced  in  C4H3CH3  and  CsHsNOj  The  direction  of 
the  substitution  in  C4HJCH3  and  C4H  5  NO2  and  the  lack 
of  side  chain  fluorination  in  C4H3CH3  support  an  elec¬ 
trophilic  substitution  mechanism  when  using  NFsBFsas 
a  reactant.  Although  highly  electronegative  fluorine  50 
compounds  generally  are  very  strong  oxidizers,  most 
cations  react  too  violently  with  organic  compounds  to 
be  of  practical  interest.  The  NF«*  cation,  however,  was 
found  to  be  an  exception.  It  combines  high  electronega¬ 
tivity  (oxidation  state  of  +  V)  with  high  kinetic  stability  55 
(it  is  isoelectronic  with  CF4),  and  its  reactions  require 
significant  activation  energies.  Furthermore,  NFs4 
salts,  such  as  NF4BF4,  offer  the  advantage  of  generating 
in  an  electrophilic  aromatic  substitution  reaction  only 
by-products,  such  as  NF3  and  BF3,  which  are  unreac-  60 
live  toward  the  organic  compounds.  In  view  of  these 
properties  and  its  ready  availability,  NF4BF4  was  found 
to  be  an  ideal  candidate  for  electrophilic  aromatic  sub¬ 
stitution  reactions.  A  vigorous  ring  hydrogen  substiti- 
tion  occurred  even  at  —7.8*  C.  in  HF  solution  65 

In  carrying  out  the  reactions  of  this  invention,  the 
nonvolatile  materials  were  manipulated  in  a  well-pass¬ 
ivated  (with  CIF3)  stainless  steel  vacuum  line  equipped 


HF  v  (II) 

0NF4BF4  +  CtH>  nr  >C4F.H4- .  +  »NFj  +  »BFj  +  »HF 

where  n  —  1-3 

However,  at  these  higher  NFs+  to  substrate  ratios,  the 
reaction  was  more  difficult  to  control  and  more  “char” 
formation  was  noted.  Hexafluorobenzene  was  not  ob¬ 
served  as  a  product.  If  significant  amounts  had  been 
formed,  it  would  have  easily  been  detected  by  mass 
spectroscopy  since  its  base  peak  is  the  parent  ion.  Only 
trace  quantities  of  partially  saturated  species,  C&F6H3 
and  C4F7H  were  observed,  indicating  that  very  little 
addition  occurred. 

In  order  to  determine  the  nature  of  the  reaction,  two 
substituted  benzenes,  C4H3CH3  and  C4H3NO2  were 
also  studied.  These  were  chosen  for  their  well  known 
ability  to  differentiate  between  an  electrophilic  and  a 
free  radical  reaction  path,  based  on  the  observed  ortho- 
meta-para  product  distribution. 

In  the  toluene  reaction,  the  ratio  of  NF»  +  to  toluene 
was  in  the  range  2-4:1.  Thus,  an  excess  of  fluorine  was 
available  (assuming  one  F/NF44  is  available  for  substi¬ 
tution)  and  multisubstitution  was  expected.  The  result 
of  a  very  rapid  reaction  is  illustrated  by  the  following 
equation: 

HF  ^  (III) 

C4H5CH)  *  HNF4BF4  _ c  >C4F«H}-.CH3 

where  n  ■  1-4 

The  mass  spectra  of  the  products  strongly  indicate 
that  no  side  chain  fluorination  had  occurred,  in  agree¬ 
ment  with  other  spectroscopic  evidence.  Typical  iso¬ 
mer  distributions  for  the  ring  substitution  were:  o-F(!5), 
m-F(8),  p-F(!5),  2,4  di-F(30),  and  mixed  di-  and  tn- 
F(25)  Obviously,  o-  and  p-  products  predominate  for 
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this  electron  rich  ring,  a  result  which  is  compatible  with 
an  electrophilic  substitution  process. 

For  the  nitrobenzene  reaction,  a  3:10  mole  ratio  of 
NF4BF4F:  substrate  was  used.  Even  under  these  condi¬ 
tions,  this  reaction  was  less  vigorous  than  those  of  ben-  3 
zene  or  toluene,  as  exemplified  by  a  slightly  slower  NF] 
evolution  and  the  lack  of  “darkening”  of  the  solution 
until  the  mixture  was  finally  warmed  to  about  0*.  Fluo¬ 
rine  substitution  occurred  to  give  CtF«Hj_aNOi 
(where  n— 1-4)  compounds.  Minor  amounts  of  FNOj  10 
(HF)«  were  formed  and  traces  of  C*FaH«-»  species 
were  observed,  but  overwhelmingly  the  NO2  group  was 
not  displaced.  The  observed  products  were  mainly 
monosubstituted  with  the  following  isomer  distribution: 
o-F(I6),  m-F(62),  and  p-F(7).  15 

The  observation  of  predominantly  ortho  and  para 
substitution  and  the  lack  of  side  chain  fluorination  in 
toluene,  and  the  mete  substitution  in  nitrobenzene  estab¬ 
lishes  these  NF4BF4  reactions  as  electrophilic  substitu- 
lions.  30 

For  nitrobenzene,  the  yield  of  fluorinated  products 
was  not  determined  due  to  separation  problems  caused 
by  the  low  volatility  of  the  products  and  the  large  ex¬ 
cess  of  nitrobenzene  used.  However,  in  view  of  the  high 
relative  amount  of  mono-F  species,  and  the  limited 
amount  of  charring,  it  is  estimated  that  the  yield  of 
substituted  products  was  high.  For  the  much  more  reac¬ 
tive  C*H«and  C*HjCHj,  yields  varied  widely.  Volatile, 
fluorinated  species  were  observed  equivalent  to  x 
30-40%  of  the  aromatic  starting  compounds. 

The  following  examples  are  presented  in  order  to 
point  out  the  invention  with  greater  detail.  The  exam¬ 
ples,  however,  are  illustrative  only  and  are  not  to  be 
construed  as  limiting  the  invention  in  any  way.  j s 

EXAMPLE i 

C4H5NO2.  To  a  stirred  solution  of  C4H5NO2  (10 
mmol)  in  3  ml  HF  at  -78*  was  added  dropwise  over  30 
min.  a  solution  of  NF4BFs(2.88  mmol)  in  3  ml  HF.  40 
Reaction  of  the  NF4BF4  was  shown  by  an  increase  in 
pressure  due  to  NFj  evolution.  When  all  the  NF4BF4 
had  been  added,  the  reaction  was  gradually  wanned  to 
0*  C.  and  left  overnight.  Outing  the  wanning,  the  reac¬ 
tion  solution  changed  from  pale  yellow  to  dark  brown.  43 
Keeping  the  reaction  ampoule  at  —43’,  the  NFj,  HF, 
and  other  volatile  materials  were  pumped  away 
through  —  78*  and  — 196*  C.  traps.  After  the  majority  of 
the  HF  was  removed,  the  reactor  was  maintained  at  0* 

C.  The  material  passing  the  —  78*  C.  fraction  consisted  30 
of  a  few  droplets  of  a  liquid  with  a  low  vapor  pressure 
at  ambient  temperature.  Mass  spectroscopy  of  the  vapor 
from  the  drops  showed  minor  amounts  of  aromatic 
fluorocarbons  which  did  not  contain  NO]  substituents. 
These  were  of  the  empirical  formula  33 

CsFftHs-tfn— 1-4).  The  principal  ion  peaks  observed 
were  m/e  (assign.):  8S(NOjF  HF),  49  (NOF),  and 
30(NO).  Examination  of  the  liquid  non-volatiles  at  0*  C. 
which  remained  in  the  reactor,  by  NMR  spectroscopy, 
showed  that  five  fluorinated  compounds  were  present  (0 
and  all  were  found  to  be  substituted  nitrobenzenes  by 
comparison  of  the  observed  chemical  shifts  with  re¬ 
ported  values.  By  measurement  of  the  area  of  the  reso¬ 
nances  the  amount  of  each  compound  was  calculated: 
o-C4FH4NOrfl4%),  m-C*FH4NOj(62%),  p-  63 

C4FH4NO]  (6%),  2,6-or  3,3-difluoronitrobenzene 
(14%),  and  2,4-difluoronitrobenzene.  The  large  excess 
of  C4H3NO]  C  employed,  and  still  present,  masked  the 


■H  spectra  of  these  products  and  thus  the  <*F  spectra 
were  relied  on  for  identification. 

EXAMPLE  11 

CaHjCHj.  Toluene  and  NFsBFafM  molar  ratio) 
were  reacted  by  condensing  the  hydrocarbon  onto  the 
stirred  HF  solution  of  the  salt  at  -  78*  C  Alternatively, 
toluene  in  HF  at  —  78*  C.  was  treated  dropwise  with  a 
solution  of  NF4BF4  (1:2  molar  ratio).  In  either  case, 
instantaneous  reaction  occurred  and  the  solution  be¬ 
came  black.  After  warming  to  0*  C  for  a  few  hours, 
these  reactions  were  worked  up  in  the  usual  manner. 
Much  tar  like  residue  remained  in  the  reactor  in  each 
case.  Infrared  spectroscopic  examination  of  the  volatile 
species,  trapped  at  —78*  C.,  showed  strong  bends  near 
1 300  cm  ” 1  confirming  the  presence  of  aromatic  species. 
Mass  spectra  of  these  fractions  showed  in  both  experi¬ 
ments  that  only  aromatic  substitution  products  were 
present;  these  were  of  the  empirical  formula  C7F„H|_» 
(where  n  — 1-4).  The  low  intensity  of  the  m/e  69  and  3 1 
peaks  indicated  the  absence  of  CFj  or  CFjH  groups  in 
these  compounds  with  the  observed  intensities  of  these 
peaks  being  due  to  C4FH2  and  C4H3  ions.  From  the 
reaction  using  a  higher  ratio  of  NF4BF4  to  toluene,  a 
significant  amount  of  C4F4H2  was  found  indicating 
some  displacement  of  CHj  from  the  ring.  The  NMR 
spectra  of  these  products  confirmed  that  various  fluoro- 
toluenes  were  present  approximately  in  the  amounts 
given  (%):  0-C4FH4CH j(l  5),  p-C4FR»CHj(16).  m- 
C4FH4CH)  (8),  2,4-difluorotoluene  (30),  other  di-  and 
tri-fluorotoluenes  (23),  and  2,4,3,6-tetra- 
fluorotoluene(7). 

EXAMPLE  III 

C4H4.  Benzene  and  NF4BF4  were  reacted  using  the 
same  two  techniques  described  for  toluene.  It  was  not 
possible  to  prevent  charring  and  blackening  of  the  ben¬ 
zene.  Nevertheless,  isolation  of  the  volatile  products 
condensable  at  —78’  C.  and  examination  of  (heir  mass 
spectra  showed  that  substantial  substitution  of  H  by  F 
had  occurred,  resulting  in  the  formation  of 
CtFuHa-nOis  1-3).  C4F6  was  not  observed  and  only 
minor  amounts  of  the  addition  products  C6F4H2  and 
C4F7H  were  observed. 

In  consideration  of  the  aforementioned  detailed  de¬ 
scription,  it  is  obvious  that  the  present  invention  pro¬ 
vides  a  novel  method  for  substituting  fluorine  atoms  for 
hydrogen  atoms  in  an  aromatic  ring  structure  without 
affecting  saturated  or  oxidized  substituents.  The  results 
of  this  invention  clearly  demonstrates  the  utilization  of 
NFs+ion  containing  salts  as  powerful  reagents  for  the 
introduction  of  fluorine  atoms  into  aromatic  rings  by 
electrophilic  substitution.  Up  to  five  hydrogens  can  be 
substituted  in  aromatic  systems  by  a  rapid  substitution 
reaction,  found  to  be  highly  efficient  and  relatively  safe, 
before  a  much  slower  addition  reaction  takes  over. 

This  slower  fluorine  addition  reaction  was  also  stud¬ 
ied  and  found  to  produce  the  corresponding  cyclo-hex- 
adienes  and  hexenes.  The  addition  reactions  are  novel 
and  offer  a  controlled,  high  yield  path  to  dienes  which 
have  previously  only  been  obtained  as  parts  of  complex 
mixtures. 

To  obtain  more  data  on  the  reactions  of  aromatics 
with  NF4+  salts,  an  examination  of  aromatic  systems, 
which  were  already  highly  fluorinated,  was  carried  out. 
It  was  found  that  these  starting  materials  are  more  inert 
toward  the  strongly  fluorinating  NF4BF4.  thus  allowing 
better  control  of  the  reaction.  Experiments  were  carried 
out  using  tetra-,  penta-,  and  hexafluorobenzene  as  start- 
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in|  materials.  All  reacted  gradually  at,  or  near,  ambient 
temperature.  All  solutions  and  products  were  colorless 
throughout  the  reactions.  Liberated  NF3  and  excess, 
un reacted  NF4BF4  were  recoverable.  The  products 
were  identified  spectroscopically  and  most  of  them 
have  been  reported  in  the  literature,  malting  their  identi¬ 
fication  unequivooal.  The  overall  results  are  shown  by 
the  equations. 


EXAMPLE  IV 

CsF&.  A  sample  of  NF4BF4  (4.07  mmol)  contained  in 
a  Teflon  (FEP)  ampoule  wu  dissolved  in  anhydrous 
HF  (4  ml)  and  cooled  to  —78*  C.,  Hexafluorobenzene 
(1.25  mmol)  was  condensed  into  the  ampoule  which 
was  then  warmed  gradually  while  stirring  u— gnelically. 
After  being  kept  overnight  at  0*-10*  C.,  the  clear,  color¬ 
less  solution  was  cooled  to  —78*  G  and  the  volatile 


For  these  three  highly  fluorinated  benzenes,  the  addi-  40 
tion  of  the  first  two  fluorines  occurs  in  para  position  to 
each  other  (1,4  addition)  and  ortho  to  any  hydrogen,  if 
present.  The  addition  of  a  second  pair  of  fluorines  can¬ 
not  proceed  by  a  1,4  mechanism  without  changing  the 
ring  into  a  bicyclo  form,  which  is  generally  encountered  45 
only  under  photolytic  conditions.  Thus,  the  second  pair 
of  fluorines  undergoes  a  1,  2  addition  to  yield  a  cyclo¬ 
hexene. 

For  pentafluorobenzene,  some  substitution  was  also 
observed.  It  is  not  clear  whether  this  is  the  result  of  a  50 
true  substitution  or  of  a  addition-elimination  reaction.  In 
the  case  of  p-C*F«Hi,  the  second  Fj  addition  produces 
the  lH,4H-octafluorocydohexene  which  has  two  possi¬ 
ble  geometric  isomers.  Trace  quantities  of  the  saturated 
product,  C«FioH],  were  also  detected  by  mass  spectros¬ 
copy. 

In  order  to  provide  greater  detail  in  connection  with 
tbe  addition  reactions  referred  to  above.  Examples  IV, 

V  and  VI  are  presented.  In  these  addition  reactions.  w 
almost  no  hydrogen  substitutions  occurred.  The  addi¬ 
tion  of  the  first  pair  of  fluorine  atoms  always  gave  1,4- 
cyclohexadiene  in  which  the  CF]  group  was  ortho  to 
hydrogen  on  the  ring.  The  addition  of  the  second  pair  of 
fluorine  atoms  results  in  the  formation  of  cyclohexenes.  45 
These  reactions  occurred  in  high  yield.  All  products 
were  characterized  spectroscopically  and  by  compari¬ 
son  to  literature  data. 


material  quickly  removed  by  condensation  into  a  —  19b* 
C.  trap.  The  — 196*  G  trap  contained  NFj  (1.24  mmol) 
contaminated  with  traces  of  HF  as  shown  by  infrared 
spectroscopy.  The  reaction  was  allowed  to  continue  for 
another  day  at  room  temperature.  While  maintaining 
the  reaction  ampoule  at  0*  G,  the  volatile  products  and 
HF  were  separated  by  fractional  condensation  in  a  se¬ 
ries  of  U-tnps  cooled  at  —45,  —78,  and  —196  .  The 
— 196’  G  fraction,  NFj  and  HF,  was  discarded  and  the 
-45*  C.  trap  was  empty.  The  —78*  C.  trap  contained  a 
white  solid,  which  melted  to  a  colorless  liquid  above  0* 
C.  Examination  of  this  material  by  infrared  and  gas 
chromatography  showed  it  to  be  1,4  perfluorocyclohex- 
adiene  (1.18  mmol,  94.3%  yield,  based  on  C*Ft)  with  a 
slight  amount  (2-3%)  of  unreacted  C«F6-  Intense  ions  in 
the  mass  spectrum  were  observed  at  m/e  (as- 
sign.):224(C*F|),  205(0^7),  186(C«F6)  155(C5Fj.base), 
136(CjF4),  124(C4F4),  I17(CjF3).  105(C4F3),  93(CjFj), 
86(C4Fj),  74(C3F2),  69(CF3),  55(C3F).  and  31(CF).  The 
l9F  NMR  spectrum  showed  two  equal  area  multiplets  at 
1 13.1  and  158.3  ppm  in  agreement  with  the  literature  for 

1.4- CsFs-  A  white  solid  remained  in  the  reaction  am¬ 
poule  and  was  shown  by  Raman  spectroscopy  to  be 
NF4BF4  (1.48  mmol). 

EXAMPLE  V 

C«FjH.  As  before,  a  mixture  of  NF4BF4  (4.29  mmol) 
and  C*FsH  (1.35  mmol)  in  HF  was  stirred  and  wanned 
during  several  hours  from  —78*  G  toward  ambient 
temperature  where  it  was  kept  for  12  hours.  Evolved 
NF3  (3.3  mmol)  was  monitored.  After  several  more 
hours  of  stirring  at  room  temperature,  the  products 
were  separated  by  vacuum  fractionation  through  U- 
traps  cooled  at  —45,  —78,  and  —196*  G  All  material 
passed  the  —45*  trap  except  for  a  small  amount  of 
NF4BF4  remaining  in  the  reactor.  The  — 196'  G  frac¬ 
tion  was  discarded.  The  -78’  C.  trap  contained  1.24 
mmol  of  a  colorless  liquid  whose  infrared  spectrum 
indicated  that  it  was  composed  of  more  than  one  cyclo¬ 
hexene  [I170(ms),  1740(s),  and  1720  cm-  '(vs)],  as  well 
as  unreacted  C*FjH.  Gas  chromatography  showed 
three  components  which  were  analyzed  individually  by 
mass  spectroscopy.  In  order  of  elution  they  were;  (I) 

1.4- C«Fi,  26.1%.  (2)  IH-heptafluorocyclohexa-  1.4- 
diene,  66.3%,  and  (3)  C*FH,  7  6%  with  the  composition 
based  on  GC  peak  areas.  The  mass  spectra  of  the  frac¬ 
tions  agreed  very  well  with  published  data  for  the  as¬ 
signed  compounds.  In  addition,  the  l9F  NMR  spectra 
confirmed  the  formulated  structures.  For  1-H  hepta- 
fluoro-cydohexa-l, 4-diene,  a  literature  report  of  the 
NMR  spectrum  could  not  be  found,  but  by  comparison 
with  related  compounds  it  was  apparent  that  the  ob¬ 
served  resonances  and  area  ratios  were  reasonable  for 
that  structure.  Chemical  shifts  of  H  or  F.  ppm  or  6  (rel. 
F  peak  area):  I-H,  5.93;  2-F,  127.7(1);  3-F,  1 15.2(2);  4-F, 
160(1);  5-F,  155(1),  6-F,  101.7(2).  The  conversion  of  the 
C*FjH  was  92%  The  composition  of  the  product  was 
28%  1 ,4-C«Fi  and  72%  1,  4-C*F7H.  with  a  total  of  91% 
of  the  organic  material  being  recovered. 
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EXAMPLE  VI 

p-C*F*Hj.  A  mixture  of  NF«BF(4.18  mmol)  and  p- 
C*FtHi(1.43  mmol)  in  4  ml  HF  at  —78*  C  was  stirred 
and  wanned  to  0**  C  over  3  hours,  followed  by  over*  3 
night  stirring  at  0*-20*  C  Fractional  condensation  at 
—78*  C  and  —194*  C  was  used  to  separate  HF  and 
NFjfrom  the  products  which  were  retained  in  the  —78* 

C  trap.  No  unreacted  NF4BF4  remained  in  the  reactor. 
The  original  -78-30  C  fraction  was  further  separated  10 
by  refractionating  through  —43  and  —  78*  C  traps.  The 
former  contained  0.21  mmol  of  a  colorless  liquid  whose 
infrared  spectrum  showed  a  strong  band  at  1710  cm-1 
typical  for  the  double  bond  of  a  — CF=CH— group. 
Analysis  using  GC/MS  procedures  showed  this  mate*  13 
rial  to  be  1H,  4H-hexafluorocyclohexa-  1,4-diene.  Prom¬ 
inent  mass  spectral  peaks  were  found  at  m/e  (assign.): 
188(C*FsHj).  169(C*F,H2),  150(C*F4Hj), 

138(CjF4Hj).  137(CjF*H),  IWCjFjHj,  base), 

99(CjFjH),  94(CjFjH),  93<CjFj),  aSICUFjHj),  JO 
81(CjFHjX  KXCjFH),  75(CjF2H).  69(CFj),  68(C4FH), 
61(CjH),  37 (CjFHj).  S6(CjFH),  31(CF2H),  50(CFj), 
44(CjFH),  and  3I(CF).  The  *’F  NMR  spectrum  for  this 
compound  agreed  with  published  data.  Similar  analysis 
of  the  —78  *  C.  fraction  showed  it  to  be  a  mixture  of  23 
unreacted  p-CsFaHi,  the  above  described  1H.4H  cy- 
clohexa*  1,4-diene,  and  a  compound  of  empirical  for¬ 
mula  C*F»Hj  An  infrared  spectrum  of  the  latter  com¬ 
pound  showed  bands  at  cm -'(intern.):  3070(w), 
2960(w),  17l0(ms),  1380(s),  1353(w),  1260(m),  1 130(a),  30 
1063(m),  1030(m),  743(mw),  637(w),  380(w),  and 
382(w).  The  bands  near  3000  cm" 1  are  assignable  to  the 
carbon-hydrogen  stretches  of  — G=C— H  and  C — H 
groups  while  the  17 10  cm- 1  peak  is  typical  of  a  — CF= 
CH — stretching  vibration.  Strong  ion  peaks  in  the  mass  33 
spectrum  were  at  m/e  (assign.):  226(C«FfH2). 


10 

207(C*FtHi),  186(C*Fs).  137(CjFjHt)  144(C4FjH). 
137(CjF*H),  I19(CjFjH2),  117(CjFj).  U3(«F4H), 

94(CjFjH),  93(CjFj),  75(CjF2H),  69(CFj).  57(CjFH2), 
S1(CF:H),  and  50(CF2).  The  NMR  spectra  of  the  -78* 
fraction  confirmed  the  presence  of  p— C4F4H2, 1H.4H- 
hexalluorocyclohexa-1, 4-diene,  and  1H.4H-OCU- 
nuorocyclohexene;  chemical  shift  of  H  or  F.ppm  or 
(rel.  area)  of  1H.4<^H2:1-H.5.1(I);  2-F.  121.3(1).  3-F, 
118.1(2),  4H,  4.7(1),  4-F,  134.4(1),  5-F,  130.3(2),  6-F, 
1 10.4(2).  The  conversion  of  starting  material  waa  78%. 
The  composition  of  the  products  was  33%  C&FtH2  and 
47%  CfcFjHi,  with  a  total  of  92%  of  the  organic  mate¬ 
rial  being  recovered. 

As  will  be  clearly  evident  to  those  skilled  in  the  art, 
various  alterations  and  modifications  of  the  present 
invention  can  be  made  without  departing  from  the  spirit 
thereof,  since  it  is  intended  that  the  invention  be  limited 
only  by  the  scope  of  the  appended  claims. 

What  is  claimed  is: 

1.  A  process  for  adding  flourine  across  the  double 
bonds  in  a  highly  halogenated  aromatic  hydrocarbon 
which  comprises  the  step  of  effecting  an  addition  reac¬ 
tion  between  a  highly  halogenated  aromatic  hydrocar¬ 
bon  and  a  hydrogen  fluoride  solvent  solution  of 
NF*BF*. 

2.  A  process  in  accordance  with  claim  1  wherein  said 
highly  halogenated  aromatic  hydrocarbon  is  tetra- 
fluorobenzene. 

3.  A  process  in  accordance  with  claim  1  wherein  said 
highly  halogenated  aramatic  hydrocarbon  is  penta- 
fluorobenxene- 

4.  A  process  in  accordance  with  claim  t  wherein  said 
highly  halogenated  aromatic  hydrocarbon  it  hexa- 
fluorobenaenc. 
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